
1.  Introduction
The North Atlantic Oscillation (NAO) is the most important mode of atmospheric variability during winter over 
Europe and the North Atlantic region on interannual and longer time scales. The NAO is a variability pattern in 
the mean sea level pressure (MSLP) with centers of action of opposite polarity near Iceland and the Azores, and 
the NAO index measures the strength of the MSLP gradient between the centers of action. A change in the NAO 
index is thus a change in the mean strength of the westerlies over the North Atlantic area and a change in the 
associated advection pattern of air masses. Specifically, a positive (negative) NAO index means above (below) 
average westerlies. It is also important to remember that the NAO index, despite its name, fluctuates from year to 
year in a nonoscillatory fashion. For a recent overview of relevant literature, see Stendel et al. (2016).

We can presume that these NAO-related changes in advection patterns influence the prevailing weather of Euro-
pean winters. The literature documents this for European temperatures and precipitation, including extremes of 
daily temperatures (Kenyon & Hegerl, 2008) and precipitation (Haylock & Goodess, 2004), as well as North 
Atlantic storm track strength and position, and sea surface temperatures, sea ice occurrence, and other ocean 
characteristics (Hurrell & Deser, 2010).

The NAO is not confined to the surface but is an almost equivalent barotropic pattern throughout the entire trop-
osphere (e.g., Wanner et al., 2001). The NAO is thus a major dynamical feature of the atmosphere in the region 
and as such influences and interacts with other dynamical features. Thus, significantly more blocking episodes 
are observed over the North Atlantic during winters dominated by negative NAO index compared to winters 
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with positive NAO index (Shabbar et al., 2001). Also the meridional position of the Atlantic jet changes with the 
phases of the NAO (Woollings et al., 2010).

Besides the NAO mode, the East Atlantic (e.g., Wallace & Gutzler, 1981) and Scandinavian patterns (e.g., Barn-
ston & Livezey, 1987) contribute to the variability in surface weather, etc. described above. They are, however, 
less dominant modes and are therefore not included in this analysis.

For long, the “state” of the NAO has been regarded as a feature of a given winter. Feldstein (2000) argued that 
the study of the daily NAO index could reveal insight into the processes behind the NAO variability. He noted 
that empirical orthogonal functions (EOF) analysis of the 300 hPa geopotential height field in daily, monthly, and 
seasonal time resolution yielded remarkably similar patterns related to NAO and took that as an argument that the 
fundamental time scale of the NAO was in the order of days. He also estimated the decorrelation time of the daily 
NAO index to be near 10 days, which we will refer to as the synoptic time scale. The NAO therefore consists of 
positive and negative events lasting around 1 week with intermittent periods of near-neutral conditions. The net 
number of events combined with their magnitude then defines the NAO index for each winter.

Here, we will demonstrate that this picture is too simplified. Our analysis reveals that the NAO index prior to the 
time horizon of 1 week has an impact on the strength and spatial pattern of the following NAO events, including 
the associated circulation features and temperature and precipitation patterns. This is particularly true for negative 
events. When this influence is significant, we will refer to it as preconditioning throughout this paper.

2.  Data and Definitions
We analyze daily averages of MSLP over the North Atlantic/European area, supplemented by other fields from 
the ERA5 reanalysis and E-OBS gridded observation data sets for the period 1950–2020. Details on data and 
calculation of climatologies and anomalies are in the Supporting Information S1.

2.1.  The Daily NAO Index

We calculate the NAO spatial pattern from EOF analysis of the winter (DJF) mean MSLP fields. This pattern 
explains 49% of the total variability. The winter daily NAO index is the projection of the daily MSLP anomaly 
field onto the winter NAO spatial pattern. Cosine-latitude weighting is applied in both EOF analysis and the 
projection. The index is normalized to have unit variance.

2.2.  NAO Events

We identify NAO + and NAO − peak days during winter (DJF) as local maxima and minima, respectively, in the 
daily NAO index which in absolute value exceeds one standard deviation of the daily NAO index. When two 
(or more) peaks are detected within a 12-day time window, only the peak with the largest amplitude is kept; 
the others are ignored. Thus, neighboring peaks (positive or negative) are separated by at least 12 days. This is 
more than the decorrelation time of the daily NAO (see Section 1) and therefore ensures that neighboring peaks 
are approximately statistically independent. An event is defined as the peak day and the three neighboring days 
before  and after; in all 7 days. For illustration, we show the daily NAO index and identified NAO + and NAO − 
events for selected years with high, neutral, and negative winter (DJF) NAO index in Figure S1 in Supporting 
Information S1. In total, we detect 139 NAO + events and 99 NAO − events for the whole analysis period. We also 
show in Figure S2 in Supporting Information S1 the expected positive(negative) correlation between the winter 
mean NAO index and the number of NAO + (NAO −) events.

2.3.  NAO Precursor

We seek to understand how the MSLP anomaly pattern corresponding to the identified NAO events depends on 
the NAO index further back in time beyond the synoptic time scale of around 10 days. We therefore define the 
NAO precursor value (NAOpre) for a given NAO event as the averaged daily NAO index over day 10 to day 30 
prior to the peak day of the NAO event. The 10-day limit is chosen as being outside the synoptic window. The 
30-day limit allows the precursor to be calculated for all winter days, including 1 December, and still staying 
within November which could be regarded as belonging to the (extended) winter. In Figure S3 in Supporting 
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Information S1, we show the observed frequency of NAOpre for NAO + and NAO − events separately. The two 
frequency curves are shifted toward positive and negative values of NAOpre, respectively. This is a first hint that 
NAOpre impacts the details of the two types of events. This will be detailed in the analysis below.

3.  Analysis and Results
3.1.  NAO Events and Their Signal in the MSLP Field

We show in Figure S4 in Supporting Information S1, MSLP composites of NAO + and NAO − events and their 
difference. Both these MSLP composites resemble their well-known equivalent obtained from winter mean data. 
Therefore, the composite difference has negative anomalies near Iceland and positive near Azores. The maximum 
pressure difference between Iceland and Azores in this composite difference is more than 50 hPa and therefore 
around 6 times larger than corresponding mean pressure difference of around 8 hPa in the winter mean NAO 
pattern (Hurrell et al., 2003).

We investigate the dependency on the NAO precursor for NAO + (Figures 1a and 1b) and NAO − (Figures 1d 
and 1e) events separately in order to account for any asymmetries. In each case, we make the composite anomaly 
maps of MSLP corresponding to the upper and lower terciles of NAOpre. To be more specific, we make compos-
ites corresponding to NAOpre > NAOpre,+,67, where NAOpre,+,67 is the 67th percentile of NAOpre for NAO + events, 
and similarly for NAOpre < NAOpre,+,33. Finally, the difference of these two MSLP anomaly composites is calcu-
lated (Figures 1c and 1f). The same procedure is used for NAO − events.

The gross features of the MSLP composite patterns corresponding to both NAO + and NAO − events are unchanged 
regardless of NAOpre. However, the composite difference maps in Figures 1c and 1f reveal important differences 
between the NAO + and NAO − composites. The effect of NAOpre is largest for NAO − events (Figure 1f), where the 
largest induced pressure difference is around 14 hPa between extrema near British Isles and over Greenland. For 
NAO − events, the variability related to NAOpre is thus a notable fraction of almost 30% of the difference of around 
50 hPa between NAO + and NAO − events seen in Figure S4 in Supporting Information S1. However, since the 
two patterns are not spatially aligned, the NAOpre-related variability both reinforces/weakens the NAO − compos-
ite and changes its shape. For NAO + events, the pattern corresponding to NAOpre-related variability shown in 
Figure 1c is more unstructured and the pressure differences are smaller. Therefore, the preconditioning is stronger 
and more pronounced for NAO − events than for NAO + events.

Figure 1.  Composite mean sea level pressure (MSLP) anomalies for (a, b) NAO + and (d, e) NAO − events, combined with (a, d) NAOpre > NAOpre,x,67 and (b, e) 
NAOpre < NAOpre, x,33 (x is either “+” or “−”). (c, f) The corresponding composite differences for NAO + and NAO − events, respectively.
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We evaluated statistically the probability for the patterns in Figures 1c and 1f to occur by chance. This was done 
by comparing the patterns with the background distribution function obtained using bootstrapping. Details are 
described in Supporting Information S1 and results are in Figure S5 in Supporting Information S1. This statis-
tical analysis yields that patterns are near the 50th percentile for NAO + events (Figure 1c), but close to the 95th 
percentile for NAO − events (Figure 1f). Thus, the preconditioning is statistically significant near the 5% level in 
the NAO − case, which virtually excludes that we are just highlighting interannual variability. In the NAO + case, 
there is a large risk that the identified preconditioning is a finite-sampling artifact and not a true NAOpre-related 
dependency.

The asymmetry we have identified may have wider imprints outside the region of interest to the current study. 
Therefore, we also provide global versions of the above composites in Figure S6 in Supporting Information S1, 
noting that a detailed analyses of these are outside the scope of the present work.

3.2.  Atmospheric Blocking

We describe atmospheric blockings by the longitudinal blocking index by Tibaldi and Molteni (1990) and by the 
two-dimensional absolute geopotential height blocking index by Scherrer et al. (2006), henceforth the TM90-in-
dex and the S06-index, respectively. Both indices are calculated from the daily mean 500 hPa geopotential height. 
Details on calculating the two blocking indices are in Supporting Information S1.

Blocking frequencies for NAO + and NAO − events are shown in Figure S7a in Supporting Information S1. For the 
TM90-index (Figure S7a in Supporting Information S1), the climatological winter (DJF) mean has a maximum 
near 5°E. There are clear differences with nonoverlapping confidence intervals in the occurrence of blockings 
between NAO + and NAO − events. For NAO + events, the maximum frequency is near 20°E with negligible 
blocking frequency west of 20°W, while for NAO − events there is a pronounced occurrence of blockings between 
20°W and 40°W. The patterns of blocking occurrence during NAO + and NAO − events are also very different in 
the S06-index. Blockings appear mostly in the southeastern of North Atlantic from west of Iberia stretching to 
Germany during NAO + (Figure S7b in Supporting Information S1). During NAO − events, enhanced blocking 
frequencies are in an extensive band stretching from southern Greenland to mid-Scandinavia (Figure S7c in 
Supporting Information S1). The linkage between NAO and blocking activities has been found in several other 
studies (e.g., Croci-Maspoli et al., 2007).

We also investigate the dependency on the NAOpre of blocking frequencies for NAO + and NAO − events separately. 
The qualitative behavior of the blocking frequency and location associated with the NAO + events appear quite 
independent of the sign of NAOpre with negligible blockings over the Atlantic in the TM90-index (Figure 2a), and 
the corresponding S06-index of the blocking frequency (Figures 2b and 2d) is quite similar to that of the NAO + 
mean (Figure S7b in Supporting Information S1) with the band of enhanced blocking frequency changing its 
shape a bit according to whether NAOpre is positive or negative. These changes, most clearly seen in the differ-
ence plot (Figure 2f), are mostly insignificant on the 5% level, with only a tiny significant area over the English 
Channel.

For NAO − events, the dependency on NAOpre is very different and more significant. In the TM-90 index 
(Figure 2a), maximum blocking frequencies are between 0°W and 20°W for NAOpre > NAOpre,−,67, while they 
are between 20°W and 40°W for NAOpre < NAOpre,−,33. However, this difference is within the confidence limits, 
except west of 60°W. However, the TM90-index is a latitude-integrated index and therefore things may look 
different in the S06-index. In the S06-index, the area with large blocking frequency shifts toward eastern North 
Atlantic and Scandinavia for NAOpre > NAOpre,−,67 (Figure 2c) in comparison with the climatology (Figure S7c 
in Supporting Information  S1), demonstrating a clear increase of the occurrence of Scandinavian blockings. 
For NAOpre < NAOpre,−,33, the S06-index shifts westwards with an increase of Greenland blockings (Figure 2e). 
Differences are seen clearly in Figure 2g with a large area of significant changes over Scandinavia and an area 
with significant changes of the opposite sign near Southern Baffin Island.

In summary, we find a significant preconditioning in the spatial distribution of blocking frequencies for NAO − 
events, while this is not the case for NAO + events. This is in line with our earlier findings.
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3.3.  Jet Stream Speed and Latitude

We characterize the speed and latitude of the tropospheric westerly jet stream using a modified version of the 
method in Woollings et al. (2010). See Supporting Information S1 for details.

Figure S8 in Supporting Information S1 shows probability distribution of jet speed and jet latitude index for 
NAO + and NAO − events. The distribution of the jet stream speed exhibits a clear shift toward stronger (weaker) 
and more northern (southern) latitudes for NAO + (NAO −) events, and these shifts are significant on a very high 
level according to a Kolmogorov–Smirnov test.

The effect of NAOpre on jet strength and position is illustrated by the probability densities shown in Figure 3. 
For NAO + events, the dependencies on NAOpre are small and not very significant (large p-values). For NAO − 
events, the jet stream speeds are slightly shifted for higher NAOpre < NAOpre,−,33 compared to NAOpre > NAOpre,−,67 

but this is not very significant. The jet stream for NAOpre < NAOpre,−,33 also 
generally shifts to a more southerly position compared NAOpre > NAOpre,−,67, 
and this is highly significant. This is in accord with the large and significant 
signal found in Figure 1f, and consistent with the higher Greenland blocking 
frequency seen in Section 3.2 and Figure 2.

3.4.  Surface Weather

Variability in European weather conditions is linked to the state of the NAO. 
Therefore, it is also of interest to investigate its dependency on NAOpre for 
both types of NAO events.

3.4.1.  Surface Air Temperature

Surface air temperature (SAT) varies between NAO + and NAO − events in 
many parts of Europe. This is seen in the composite maps of Figure S9 in 
Supporting Information S1. Largest signals in (c) the difference pattern are 

Figure 2.  DJF mean blocking frequency (percentage of days with blocking). (a) TM90 blocking index. Red (blue) lines refer to NAO + (NAO −) events. Light (dark) 
hues refer to NAOpre > NAOpre,x,67 (NAOpre < NAOpre,x,33; x is either “+” or “−”). Vertical, colored lines show 95% confidence intervals. Black line is the climatology. 
(b–e) S06 blocking index composites: NAO + (b, d) and NAO− (c, e) events, combined with (b, c) NAOpre > NAOpre,x,67 and (d, e) NAOpre < NAOpre,x,33. (f, g) Composite 
differences between NAOpre > NAOpre,x,67 and NAOpre < NAOpre,x,33 for NAO + and NAO − events, respectively. Differences significant on the 5% level from resampling 
with replacement are cross-hatched.

Figure 3.  Probability densities of (a) jet stream speed and (b) jet latitude 
index. Red lines are for NAO + events, blue lines are for NAO − events. Light 
(dark) hues refer to NAOpre > NAOpre,x,67 (NAOpre < NAOpre,x,33; x is either “+” 
or “−”). Blue and red numbers are p-values of a Kolmogorov–Smirnov test 
of the distributions for NAOpre > NAOpre,x,67 and NAOpre < NAOpre,x,33 being 
different, for NAO + and NAO − events, respectively.
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over Scandinavia up to around 7 K, and a smaller signal of opposite polarity around the Mediterranean up to 
around 3 K.

Figure 4 shows composites of European SAT for NAO + and NAO − events in combination with NAOpre > NAOpre,x,67 
and NAOpre < NAOpre,x,33. For NAO + events, the well-known pattern of positive SAT anomalies is largely repro-
duced, but the NAOpre seems to play a role in shaping the finer details. Thus, NAOpre > NAOpre,+,67 gives a strength-
ened positive anomaly pattern, while NAOpre < NAOpre,+,33 gives a weakened positive SAT anomaly pattern. The 
difference between these two is positive over whole Europe and largest, up to around 3 K, over the Scandinavia 
and significant on the 5% level.

For NAO − events, there is a strong negative SAT anomaly pattern, when NAOpre  <  NAOpre,−,33 while for 
NAOpre > NAOpre,−,67 the SAT anomaly pattern exhibits weaker negative SAT anomalies over large parts of North-
ern Europe and even positive anomalies, which are significant at the 5% level, over northern Scandinavian Penin-
sula and Iceland. We also find relatively large and statistically significant differences of the opposite polarity over 
France and Middle East.

3.4.2.  Precipitation

Also for precipitation, there is some effect of preconditioning. For NAO + events, there are positive anomalies in 
Northern Europe which are up to around 2.5 mm day −1 in Western Norway and Scotland. But they generally seem 
larger for NAOpre > NAOpre,+,67 (Figure S11a in Supporting Information S1), compared to NAOpre < NAOpre,+,33 
(Figure S11b in Supporting Information S1), as is easily seen in the difference plot (Figure S11c in Supporting 
Information S1), where differences are also up to 2.5 mm day −1. These differences are generally not found to be 
significant on the 5% level.

For NAO − events (Figure S11d–S11f in Supporting Information S1), we see a different dependence on NAOpre. 
Differences related to positive and negative NAOpre, respectively, are generally small in Northern Europe, while 

Figure 4.  Composite surface air temperature (SAT) anomalies for (a, b) NAO + and (d, e) NAO − events, combined with (a, d) NAOpre > NAOpre,x,67 and (b, e) 
NAOpre < NAOpre,x,33 (x is either “+” or “−”). (c, f) Composite differences between NAOpre > NAOpre,x,67 and NAOpre < NAOpre,x,33 for NAO + and NAO − events, 
respectively. Differences significant on the 5% level from resampling with replacement are cross-hatched.
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the largest and also significant differences occur over the Iberian Peninsula. A small area of significant differ-
ences are also found over Eastern Europe although the differences themselves are relatively small.

4.  Discussion
4.1.  Relation to Other Work

Some of the findings in this study are reflected in previous studies. Kushnir et al. (2006) found a decay time 
scale around 10 days in the autocorrelation function of daily NAO index, but in addition identified a second-
ary “shoulder” near 2–5  weeks Keeley et  al.  (2009), however, demonstrated that interannual variability is a 
source of uncertainty for this type of study. Also Rennert and Wallace (2009) analyzed daily NAO variability 
and confirmed the decorrelation time scale of 10 days but also found “shoulders” beyond that time scale. Finally, 
Önskog et al. (2018) confirmed the decorrelation time scale of around 10 days but in addition found long-range 
dependence in the daily NAO index. These studies do not, however, analyze NAO + and NAO − events separately, 
and therefore they do not find the important differences in preconditioning between NAO + and NAO − events, as 
we do here.

The growth and decay of NAO events are investigated in Benedict et al. (2004), Feldstein (2003), and Franzke 
et al. (2004). They find that upper-tropospheric Rossby wave breaking plays an important role in the growth of the 
NAO events. They additionally point out that the wave breaking takes place both locally over the North Atlantic 
and remotely over the North American west coast for the NAO + events, while takes place solely locally over the 
North Atlantic for the NAO − events. We suggest that this more local character of the NAO − events is related to 
the prominent preconditioning we find, although a rigorous analysis is needed to settle this.

We also note that recent studies showed that the succession of blockings and its associated upper-level Rossby 
wave breaking events over the North Atlantic may give rise to low-frequency variability of the NAO (Woollings 
et al., 2008). In particular, the Greenland blockings are strongly coupled to the NAO and can modulate the NAO 
patterns (Davini et al., 2012). Our results suggest that persistent NAO − events (implying NAOpre < NAOpre,−,33) 
may also precondition the large-scale circulation that favors the occurrence of blockings. Finally, Hannachi 
et al. (2012) find persistence beyond the synoptic time scale for the southerly position of the jet stream, corre-
sponding to NAO − events.

Besides the extratropical mechanisms based on Rossby wave breaking, there could be sources of tropical origin 
for the observed variability. These include ENSO (Toniazzo & Scaife,  2006), the Julian–Madden oscillation 
(Cassou,  2008), and the quasi-biennial oscillation (Andrews et  al.,  2019). These suggestions invite to more 
comprehensive follow-up studies using observations and dedicated modeling.

4.2.  Sampling Uncertainties

The most severe limitation in observational climate studies is often the length of the observational record of 
100–150  years for ground observations, and around 75  years for upper-air observations. Combined with the 
presence of decadal-scale variability, this means that sampling uncertainty is the most important source of uncer-
tainty. This means that the patterns shown in Figure 1 are somewhat dependent of the exact time period consid-
ered and are only approximately equal to the true pattern, which we could only estimate if we have had a timely 
unlimited record available.

Of particular interest is to know whether the difference patterns in Figures 1c and 1f are identically zero, since 
that would mean no dependence on NAOpre. This cannot be categorically verified/falsified but probabilities can 
be obtained, and this is exactly the purpose of the bootstrap-procedure described in Supporting Information S1.

With ongoing and future anthropogenic climate change and the need for attribution of these, it is generally 
important to separate internal variability from any forced signal. This is particularly important in the North 
Atlantic–European region, since the magnitude and in some areas even the sign of projected European temper-
ature and precipitation changes could vary with the phase of the NAO (Deser et al., 2017). Therefore, emerging 
climate change signals in temperature and precipitation are delayed, compared to a hypothetical situation without 
NAO-related variability (e.g., Kjellström et al., 2013).
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4.3.  Subseasonal-to-Seasonal Predictions

Knowing the temporal correlations of the daily NAO index beyond the synoptic time scale could contribute to 
exploring the possibilities for subseasonal-to-seasonal (S2S) predictions in the North Atlantic area and Europe. 
There are ongoing international efforts to advance the capability of S2S predictions (Lang et al., 2020; Mari-
otti et  al.,  2018,  2020). Present S2S predictions of the NAO are generally not without problems (Albers & 
Newman, 2021; Smith et al., 2016), most likely related to the signal-to-noise paradox (Dunstone et al., 2019).

The question of preconditioning outside the synoptic time scale is important for assessing the possibilities of 
seasonal prediction of the NAO. Seasonal predictability of the NAO has been heavily discussed in recent years 
based on time series analysis (Domeisen et al., 2018), hybrid model-empirical methods (Dobrynin et al., 2018). 
The paradigm of independent NAO events put forward in the Section 1 questions the possibility of predicting 
the NAO beyond a week or so. Opposed to that, our study supports such predictions being possible, at least for 
NAO − events.

5.  Summary
We analyze reanalyses and observations and find that the notion of independent positive and negative NAO 
events with intermittent stages of near-neutral conditions is not complete. We find that the MSLP patterns and 
other circulation conditions associated with NAO + and NAO − events are influenced by the NAO phase prior to 
these and hence outside the synoptic time scale of around 10 days—what we call the NAO precursor and define 
as the average NAO index over days 10–30 before the actual event. For NAO − events, we find a quite large and 
statistically significant dependence of the NAO precursor in the MSLP signal, which we identify as a significant 
preconditioning. Related significant changes are seen in atmospheric blocking frequencies and jet stream charac-
teristics as well as in European surface temperature and precipitation anomaly patterns. For the NAO + events, in 
contrary, the preconditioning effect is smaller and is not found to be statistically significant.
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