
A station-based daily NAO time series is available from 01-Jan-1850 to 15-
May-2014 [Cropper et al., 2015], based on daily sea level pressure
observations from stations in Iceland and the Azores. ERA-interim and
ERA-40 data is used to determine the occurrence of SSW events for 1958 -
2014. The most prominent surface NAO characteristics observed after
SSW events are (1) an increased persistence of the negative NAO phase,
and (2) a drop from a positive to a negative NAO, which are here
determined from the Cropper NAO time series.

Short persistences of 2-5 days are more
common for the negative NAO phase,
while persistences of 6 - 12 days are
more common for the positive NAO
phase (Fig. 2). After SSW events,
negative NAO persistence events are
more common as compared to positive
NAO persistence events for persistences
of 11 - 22 days. The differences between
the positive and negative NAO
persistence distributions are significant
according to a Kolmogorov-Smirnov test
at the 1% level for both the satellite-era
and the full time series. The overall
distribution of NAO persistence events
after SSW events is significantly
different from its climatology (1979-2014)
at the 1% level.
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Changes in NAO persistence after SSW events

Main findings

• Two thirds of SSW events are followed by a surface impact in terms of a
persistently negative NAO and/or a switch to a negative NAO at the surface.

• Winter surface NAO anomalies commonly observed after SSW events

are preceded by a SSW in less than 25% of all cases.
• The reconstructed SSW frequency time series does not exhibit a long-term

trend, but changes to more decadal variability from the 1800s to the 1900s.
• The observed absence of SSW events in the 1990s coincides with the

longest absence of NAO events since 1850, and the 1990s constitute the

most extreme minimum in SSW frequency in the reconstructed

timeseries back to 1850.References

Figure 3. (top) The number of NAO persistence events per winter (DJFM) from 1850/51 to
2013/14. The indicated year corresponds to January of the displayed winter. (bottom) The
number of SSW events per winter (gray bars) for a combination of ERA40 and ERA-interim data
(1958 - 2014) and the number of downward SSW events classified in Karpechko et al (2017) for
1979 - 2014 (red bars). The gray and light red lines indicate the smoothed frequency of
occurrence for the respective time series (underlying bars). Smoothing was applied using a
Savitzky-Golay filter of degree 2 and an averaging window of 10 years. The dark red line
indicates an estimate of downward SSW events (see text for details), while the shading indicates
the uncertainty given by the 95th percentile.

Reconstruction of SSW frequency back to 1850Motivation

Sudden stratospheric warming (SSW) events can exhibit long-lasting
surface impacts that promise improvements in medium-range to seasonal
predictability. Their surface impact is dominated by the negative phase of
the North Atlantic Oscillation (NAO). Hence, the question arises if
stratospheric variability, and in particular the frequency of SSW events, can
in turn be estimated from surface NAO conditions. This is especially
relevant for the period before frequent upper air observations became
available, while daily surface observations of the NAO date back to 1850.

Data and Methods

Figure 2. Histogram of the persistence [days] longer than 1 day in a positive (light gray) versus negative (red)
NAO phase for winter (DJFM 1979 - 2014) for (top) the NAO time series, (bottom) the days 8 to 52 after the
occurrence of a SSW event. Horizontal bars inside the gray bars indicate the height of the red bars where the gray
bars are taller than the red bars. The distributions are normalized for comparison.

Event statistics Table 1. Total number of
events for (a) persistence
events, (b) switch events,
and (c) SSW events for the
periods indicated in the left
column for total number
(middle column) and number
of events per winter (DJFM)
(right column). The number
in brackets for (a,b) indicates
the number of events that
follow SSW events.
The number in brackets in (c)
indicates the number of SSW
events with a downward
impact according to
Karpechko et al (2017).
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Figure 6. The number of NAO events per winter (DJFM) from 1850/51 to 2013/14 for (a) NAO switch
events and (b) NAO persistence events. The indicated year corresponds to January of the displayed winter.
Panel (c) indicates the number of SSW events per winter (gray bars) according to a combination of ERA40
and ERA-interim data (1958 - 2014) and the number of downward SSW events classified in K17 for 1979 -
2014 (red bars). The gray and light red lines indicate the smoothed frequency of occurrence for the respective
time series (underlying bars). Smoothing was applied using a Savitzky-Golay filter of degree 2 and an averag-
ing window of 10 years. The dark red line indicates an estimate of downward SSW events, while the shading
indicates the uncertainty given by the 95th percentile (see text for details).
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Figure 1. Histogram of the persistence [days] longer than 1 day in a positive (light gray) versus negative
(red) NAO phase for winter (DJFM) for (a) the full NAO time series 1850 - 2014, (b) the NAO time series for
1979 - 2014, (c) the days 8 to 52 after the occurrence of a SSW event for 1979 - 2014. Additional horizontal
bars inside the gray bars indicate the height of the red bars where the gray bars are taller than the red bars. All
distributions are normalized for comparison.
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downward or non-downward e�ect) for 17 of the 23 SSW events identified in K17. Note233

that while the 24 SSW events between 1979 - 2014 from Butler et al. [2017] are listed234

here, the event on 24/03/2010 has not been classified in K17. As a sensitivity test, tight-235

ening criterion (ii) defined in section 2.2 for the NAO to be below zero for at least 26236

instead of at least 23 days (i.e., more than 50% of the days out of a period of 45 days)237

yields agreement for 18 of the 23 SSW events identified in K17. The criterion is robust238

to further sensitivity tests and is kept at 23 days for consistency with K17. NAO switch239

events are found after 14 of the 37 SSW events, and the switch criterion also yields the240

same result (i.e., downward or non-downward e�ect) for 17 of the 23 SSW events identi-241

fied in K17, like the persistence criterion. The persistence and switch criteria occur simul-242

taneously for 20 of the 37 SSW events. Overall, 16 of the 24 SSW events in ERAinterim,243
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Figure 2. The total number of NAO events per winter month for (a) 1850 - 2014 and (b) 1958 - 2014; (c)
the total number of SSW events per month for 1958 - 2014.
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Figure 1. The total number of NAO events per winter
month for (top) 1958 - 2014; (bottom) the total number
of SSW events per month for 1958 - 2014.

(1) NAO persistence
criterion: For days 8 - 52
after the central date of a
SSW event, the NAO index
averaged over this period
must be negative, and the
fraction of days within this
period must be over 50%.

(2) NAO switch criterion:
The NAO has to drop by
more than 1 standard
deviation between the
averages over two 11-day
periods that are separated
by a minimum of 1 and a
maximum of 19 days. The
average of the surface NAO
over the first (second) 11-
day period has to be
positive (negative).

The frequency of downward SSW events is estimated from a linear regression
on the smoothed time series of the NAO persistence events for the known part
of the downward SSW time series (1979-2014). The uncertainty of the estimate
(shading in Fig. 3) is estimated using a bootstrapping approach with 1000 sub-
samples consisting of 30 random samples out of the 35 available years to
determine the 5th and 95th percentiles of the regression coefficients.

NAO persistence events

ok
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Table 2. Total number of events for (a) persistence events, (b) switch events, and (c) SSW events for the pe-
riods indicated in the left column for total number (middle column) and number of events per winter (DJFM)
(right column). The number in brackets for (a,b) indicates the number of events that follow SSW events. The
number in brackets in (c) indicates the number of SSW events with a downward impact according to K17.
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(a) NAO persistence events number of events events / winter

1850 - 2014 (164 winters) 308 1.88
1979 - 2014 (35 winters) 60 (following SSW: 14) 1.71 (following SSW: 0.40)

(b) NAO switch events

1850 - 2014 365 2.23
1979 - 2014 72 (following SSW: 11) 2.06 (following SSW: 0.31)

(c) SSW events

1979 - 2014 24 (downward: 13) 0.69 (downward: 0.37)

Table 3. Correlations between the smoothed time series of NAO event occurrence in Figure 6 and the
SSW events listed in Table 1 and the downward SSW events from K17. Correlations significant at the 5%
significance level according to a t-test are indicated by a *.
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NAO persistence NAO switch

SSW events (1958 - 2014) 0.37* 0.10
SSW downward events (1979 - 2014) 0.72* -0.01

pattern found in Matsueda and Palmer [2018], in particular the less frequent occurrence328

of the negative NAO pattern in the early 1990s and the more frequent occurrence of the329

negative NAO in the 1980s and the 2000s. The NAO persistence index (Fig. 6b) exhibits330

a similar evolution as the longterm variability in downward SSW events (light red line in331

Fig. 6c) during the satellite era. Especially the frequent occurrence of downward SSW332

events in the 1980s and the 2000s are well represented, indicated by the increased number333

of NAO persistence events in these decades.334

Table 3 gives the correlation between the smoothed indices of the SSW and down-338

ward SSW time series (Figure 6d) and the NAO event time series (Figure 6a,b). A high339

correlation between the NAO persistence events and the SSW downward events from K17340

as compared to the other criteria can be expected due to the definition of the downward341

SSW events in K17 using a persistence criterion. Since no stratospheric information is342

taken into account for the here defined NAO persistence criterion (except for conceiving343

the definition in the first place), a significant correlation is not straight forward, especially344

since the downward SSW events from K17 are not identical with the events identified us-345

ing the persistence criterion in this study (as shown in Table 1). The comparison of all346

SSW events (1958 - 2014) is a more robust test and shows a lower but significant cor-347

relation. NAO switch events do not show a significant correlation with SSW frequency,348

although they tend to follow SSW events, and although they agree with the downward im-349

pact definition from K17 for the satellite era for the same number of events as the per-350

sistence criterion (Table 1). The NAO switch time series exhibits a similar increase in351

the early 1970s as the SSW events, but many other features, such as the minimum in the352

1990s, are not represented in the time series (Fig. 6a). Both NAO indices exhibit strong353

decadal variability but no significant trend. Local minima in the frequency of NAO events354

occur throughout the time series, suggesting a temporary absence of SSW events. Interest-355
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