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ABSTRACT

Geostrophic wind speeds calculated from mean sea level pressure readings are used to derive time series

of northeast Atlantic storminess. The technique of geostrophic wind speed triangles provides relatively

homogeneous long-term storm activity data and is thus suited for statistical analyses. This study makes use

of historical air pressure data available from the International Surface Pressure Databank (ISPD) com-

plemented with data from the Danish and Norwegian Meteorological Institutes. For the first time, the time

series of northeast Atlantic storminess is extended until the most recent year available, that is, 2016. A

multidecadal increasing trend in storm activity starting in the mid-1960s and lasting until the 1990s, whose

high storminess levels are comparable to those found in the late nineteenth century, initiated debate over

whether this would already be a sign of climate change. This study confirms that long-term storminess levels

have returned to average values in recent years and that the multidecadal increase is part of an extended

interdecadal oscillation. In addition, new storm activity uncertainty estimates were developed and novel

insights into the connection with the North Atlantic Oscillation (NAO) are provided.

1. Introduction

Long observational records of wind are rare and often

inhomogeneous (e.g., Wan et al. 2010; Lindenberg et al.

2012), as such time series of wind speed observations can

be affected by changes of the types of instruments used

(including calibration and maintenance), by station re-

locations, and by physical changes in station surround-

ings (e.g., Schmith et al. 1997; Weisse et al. 2009; Feser

et al. 2015). Consequently, direct wind measurements

are a less effective measure for storminess and for the

assessment of long-term storm activity. Furthermore,

inhomogeneities potentially impair analyzed products,

such as weather maps or long reanalyses, and hinder

the evaluation of long-term trends of storm activity

(Bengtsson et al. 2004; Ferguson and Villarini 2012;

Krueger et al. 2013; Ferguson and Villarini 2014;

Befort et al. 2016; Bloomfield et al. 2018). As a result, it

is now common practice to make use of long time series

of pressure measurements to derive proxies for storm

activity. Even though air pressure, like every measured

variable, certainly suffers from inhomogeneities, it is

in comparison with wind measurements more skillful

in terms of homogeneity and can be considered to be a

robust variable. Near-surface air pressure as a spatially

large-scale variable is mostly insensitive to local con-

ditions or small-scale disturbances, for instance due to

station relocations (Weisse and von Storch 2009).

Furthermore, the method of measuring the surface air

pressure did not change for centuries when using tradi-

tional barometers. Air pressure has thus been measured

consistently for long periods. In some cases, observa-

tions longer than 100 years are available, providing long

and relatively homogeneous data sources that can be

utilized to describe long-term variations in storm activ-

ity qualitatively. In contrast, there are less similar long

and homogeneous time series of wind speed observa-

tions (e.g., Cusack 2013).

Besides numerous air pressure–based proxies that

utilize pressure readings from single weather stations

(e.g., Bärring and von Storch 2004; Bärring and Fortuniak
2009; Krueger and von Storch 2012; Pingree-Shippee

et al. 2018), the calculation of seasonal and annual sta-

tistics of geostrophic wind speeds over triangles of mean

sea level pressure measurements is an established

tool to derive storm activity over wider areas on longer

time scales (Schmidt and von Storch 1993; Schmith 1995;
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Schmith et al. 1998; Alexandersson et al. 1998, 2000;

Matulla et al. 2008; Wang et al. 2009, 2011; Krueger and

von Storch 2011). Here, the geostrophic wind speed acts

as a proxy for the wind speed close to the surface. Its skill

in representing storminess is best over flat terrain and

sea surfaces in the mid- and high latitudes, where the

atmospheric circulation is mostly geostrophic, and ageo-

strophic disturbances are negligible (Krueger and von

Storch 2011; Feser et al. 2015). Wang et al. (2009) found

good agreement between the proxy and ERA-40 storm-

iness. Later, Krueger and von Storch (2011) evaluated the

informational content of the proxy in general and found

it to be skillful in describing past storm activity.

Alexandersson et al. (1998, 2000) analyzed high an-

nual percentiles of geostrophic wind speeds over the

northeast Atlantic Ocean and the Baltic Sea from 1881

onward [published within the WASAGroup (1998) and

as a follow-up study]. They found that storm activity

in the northeast Atlantic was at high levels in the late

nineteenth century, which declined slowly afterward

until the 1960s. In the following, storminess increased

until the 1990s to high levels with an ensuing decrease

afterward. The peak in storm activity levels in the 1990s

is comparable to that of the late nineteenth century. The

results of Alexandersson et al. (1998, 2000) were con-

firmed by several later studies, consecutively extending

the time series of northeast Atlantic storminess until

2007 (e.g., Trenberth et al. 2007; Matulla et al. 2008;

Wang et al. 2009, 2011, 2014).

Storm activity is influenced by the large-scale at-

mospheric variability, such as weather patterns and

oscillations. TheNorthAtlanticOscillation (NAO),which

is one such pattern, describes the pressure variability

between the Icelandic low and the Azores high. The

NAO is quantified through the NAO index, which is

either based on standardized pressure differences be-

tween Iceland and the Azores (Hurrell 1995), or is based

on pattern decomposition of Northern Hemisphere sur-

face pressure or of geopotential height fields at different

pressure levels (Barnston and Livezey 1987).

The NAO is the dominant mode of pressure vari-

ability over the North Atlantic and affects the genera-

tion of storms to a large extent (Wanner et al. 2001;

Pinto and Raible 2012). During high values of the NAO

index, often found in winter, pressure differences and

the frequency of low-pressure systems increase. Asso-

ciated frontal systems with temperature and pressure

gradients may lead to increased storm genesis, increased

zonal flow, and storm activity (Feser et al. 2015). For

instance, Donat et al. (2010) found that the majority of

storm events take place during periods with a positive

value for the NAO index. Raible (2007), who analyzed

ERA-40 data, found that midlatitude cyclones are linked

to the large-scale winter circulation. Raible (2007) relates

the cyclone activity index with the 500-hPa geopotential

height and obtains a correlation structure similar to

the pattern of the NAO. Pinto et al. (2009) note that

although a positive NAO index leads to more frequent

and intense storms, severe storms can also occur during

negative NAO phases.

Studies that focused on the evaluation of pressure-

based proxies and examined the relationship between

northeast Atlantic storminess and the NAO found dif-

fering results. Alexander et al. (2005) analyzed the fre-

quency of strong pressure changes occurring in winter

as a measure for storm activity and found high correla-

tions with the NAO over the British Isles and Iceland.

Hanna et al. (2008) investigated the relation of the

NAO and storm frequencies over northern Europe

and found a positive link, but noted that the link is

weaker in southern parts of the domain. Allan et al.

(2009) assessed storm activity over the British Isles

from the 1920s onward and found the correlation

with the NAO to be lower than that of the above-

mentioned studies. Matulla et al. (2008), when assessing

long storminess time series for the northeast Atlantic,

write that ‘‘the NAO index is not helpful to describe

storminess’’(p. 130) as correlations are weak to medium

(up to r 5 0.44). Furthermore, they note that the link

between storminess and the NAO is not stationary

over time, which is also shown by Pinto and Raible

(2012) and Raible et al. (2014).

This study assesses the annual time series of northeast

Atlantic storminess based on high percentiles of geo-

strophic wind speeds in the period 1875–2016, including

its connection to the NAO, and presents new uncer-

tainty estimates derived through a bootstrapping ap-

proach. The manuscript is structured as follows: The

second section describes the data being used and the

derivation of the storminess time series including their

uncertainty. Afterward, the third section presents and

discusses obtained results, followed by the conclusions.

The appendix provides more detailed information about

the derivation of geostrophic wind speeds.

2. Data and methods

a. Preparation

In our analysis we make use of pressure data from the

International Surface Pressure Databank (ISPD; Compo

et al. 2015; Cram et al. 2015), which is a vast collection of

historical surface pressure observations ordered in time

and space with WMO station codes being used as iden-

tifiers. While the dataset as a whole currently ends in

2016, the time period covered differs among individ-

ual stations depending on the beginning and end of
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measurement activities. Furthermore, the ISPD pro-

vides metadata indicating the quality of measurements.

These quality flags originate as feedback from creating

the Twentieth CenturyReanalysis (20CR; appendix B in

Compo et al. 2011) and are available until 2013. Based

on thesemetadata we excluded all themeasurements for

which the quality-control (QC) flags indicated poor data

quality. 20CR uses an automatic quality control pro-

cedure, which might exclude extremely low surface

pressure values. Pressure data of the years 2014–16,

for which thesemetadata are not available, were screened

for errors and partly evaluated by comparing with data

available from the Norwegian Meteorological Institute

(2018) and the DanishMeteorological Institute (Cappelen

2018a,b), which we also used as further validation of our

own data mining routines.

The derivation of geostrophic wind speeds requires

pressure observations at sea level. Our data, extracted

from the ISPD, often consisted of pressure observations

that were not reduced to the mean sea level. In those

cases we applied a height reduction based on interna-

tional standard atmospheric values, as we lack infor-

mation about the state of the atmosphere at the time

of pressure measurements, which would be needed to

reduce the air pressure in a more sophisticated manner.

Following Alexandersson et al. (1998), who used the

barometric formula, the pressure reduction from height

h to the mean sea level reads

p
0
5 p(h) 11

h
›T

›h
T

0

0
B@

1
CA
2Mg/[R3(›T/›h)]

, (1)

whereM is the molar mass of air (0.02896kgmol21),R is

the gas constant (8.314Jmol21K21), and g is the gravi-

tational acceleration (9.807m s22). When assuming a

temperature T0 at sea level of 288.15K, a lapse rate

›T/›h of 20.0065Km21 (values for the U. S. standard

atmosphere), Eq. (1) becomes

p
0
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As a last preparatory step, the measurement data need

to be simultaneous. In earlier times, measurements were

taken at specific hours multiple times a day and were

bound by local time zones. As a consequence, the avail-

able subdaily pressure data are misaligned in time, which

we need to correct. We achieved the temporal synchro-

nization through interpolating the pressure observations

from one station in time via a cubic spline interpolation

to 3-hourly values at 0000, 0300, 0600, 0900, 1200, 1500,

1800, and 2100 UTC. Here, we made use of the R-package

zoo (Zeileis and Grothendieck 2005) and allowed for a

maximum gap of 13 h between available time steps.

Time steps for which the temporal interpolation is not

possible are denoted as not available.

b. Northeast Atlantic storminess

In our approach, we aim at following Alexandersson

et al. (1998, 2000) and make use of 10 stations (Table 1)

forming 10 triangles of geostrophic wind speeds given in

Fig. 1 and Table 2. The time series over some triangles

extend back to years earlier than 1875. Pressure obser-

vations and geostrophic winds prior to 1875 are omitted,

as uncertainties increase in historical times because of

sparse data availability and insecurities related to the

documentation of earlier pressure readings. The station

Aberdeen does not provide observations during the

period 1948–56, which affects five triangles in our anal-

ysis. Contrary to Wang et al. (2009), we do not replace

the missing period by filling the gap with data from a

different station relatively nearby, but address the issue

through our uncertainty analysis.

TABLE 1. WMO number, country, name, coordinates, and observational period of the stations used. Numbers in parentheses denote

alternate identifiers. For Denmark, alternate numbers denote national climate identifiers as an aggregation used for neighboring stations.

For Bergen, the original station 01316 was replaced by station 01317, and missing values were filled with values from station 01311

positioned a few kilometers away.

Number Country Name Latitude Longitude Period

01001 Norway Jan Mayen 70.938N 8.678W 1922–2016

01152 Norway Bodø 67.278N 14.438E 1900–2016

01316 (01317, 01311) Norway Bergen 60.388N 5.338E 1868–2016

03091 Great Britain Aberdeen 57.28N 2.28W 1871–2016 (missing 1948–56)

03953 Ireland Valentia 51.938N 10.258W 1892–2016

04013 Iceland Stykkisholmur 65.088N 22.738W 1874–2016

06011 Faroe Islands Torshavn 62.028N 6.778W 1874–2016

06260 Netherlands de Bilt 52.18N 5.188E 1897–2016

06051 (21100) Denmark Vestervig 56.738N 8.278E 1874–2016

06088 (25140) Denmark Nordby 55.478N 8.488E 1874–2016
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For each of the triangles we calculate geostrophic

wind speeds (the appendix provides a detailed de-

scription), from which we derive seasonal and annual

frequency distributions. Those are then utilized to

derive seasonal and annual 95th and 99th percentiles

as a measure for moderate and extreme storm activ-

ity. Depending on the location of the triangle the

magnitudes of the percentile time series differ sub-

stantially. To bring the percentile time series into the

same range, the individual triangle time series of

percentiles are standardized by subtracting the av-

erage and by dividing through the standard deviation

of the triangle time series individually. We use av-

erages and standard deviations of the period 1881–

2010 (where available). The obtained time series are

dimensionless but can be understood as the number

of standard deviations away from the long-term av-

erage. The standardization does not change the un-

derlying distribution of the considered quantiles as it

only changes the range and units. However, there is

no reason to assume that individual quantiles do not

follow a normal distribution (Walker 1968). The stan-

dardized time series of the 10 triangles are then aver-

aged separately for the 95th- and 99th-percentile time

series to obtain one annual time series representative

for seasonal or yearly northeast Atlantic storm activity.

Note that unexpected differences between the aver-

ages of the standardized 95th and 99th percentiles are a

possible result of the applied standardization procedure

as the percentile time series are standardized individu-

ally (e.g., when the standardized and averaged 99th

percentiles are smaller than the standardized and av-

eraged 95th percentiles).

c. Uncertainty

Even though pressure measurements are mostly ho-

mogeneous, pressure measurements, and consequently

northeast Atlantic storminess time series, are still prone

to uncertainties due to measurement routines, conver-

sion, digitization, sampling errors (see Schmith et al. 1997;

Alexandersson et al. 1998), data availability, and pre-

processing of the data including temporal interpolation

and height correction. So far, the reported storminess

time series in the northeast Atlantic do not include es-

timates of uncertainty.

To overcome this lack of information, we applied a

bootstrapping approach (Efron and Tibshirani 1986;

DiCiccio andEfron 1996) instead of examining individual

sources of uncertainty.We assume that the bootstrapping

applied uncovers the uncertainty in storminess time series

inherited from sampling and from uncertainties appar-

ent in pressure observations. Bootstrapping describes a

technique to estimate sample distributions of statistics

nonparametrically through random sampling with re-

placement, which we apply in two steps to the time

series of northeast Atlantic storm activity. First, we boot-

strapped annual 95th and 99th percentiles of geostrophic

wind speeds for each triangle and year separately. Through

randomly selecting between 80% and 99.99% of the data

available for each year and subsequently calculating 95th

and 99th percentiles of geostrophic wind speeds, we build

distributions thereof for each year and triangle separately

consisting of 2500 samples of percentiles each. Second,

from these annual distributions we draw yearly time series

of annual percentiles for each triangle randomly, which are

then standardized and averaged. By repeatedly apply-

ing this procedure, we obtain 100000 realizations of the

northeast Atlantic storminess time series, from which we

calculate yearly 2.5th and 97.5th percentiles as the lower

and upper bounds of a 95% confidence interval. Every

value that falls within the 95%confidence interval does not

differ significantly from the northeast Atlantic storminess

time series derived after Alexandersson et al. (1998, 2000)

FIG. 1. Pressure observations from 10 stations have been used to

derive geostrophic wind speeds from 10 triangles over the north-

east Atlantic and European regions following Alexandersson et al.

(2000).

TABLE 2. Triangles and time periods used to construct mean values

within the Northeast Atlantic.

Triangle Time period

Torshavn–Stykkisholmur–Bodø 1900–2016

Bergen–Torshavn–Aberdeen 1875–2016 (missing 1948–56)

Torshavn–Bodø–Bergen 1900–2016

Aberdeen–Valentia–Torshavn 1892–2016 (missing 1948–56)

Bergen–Vestervig–Aberdeen 1875–2016 (missing 1948–56)

Aberdeen–Valentia–de Bilt 1902–2016 (missing 1948–56)

Aberdeen–Vestervig–de Bilt 1902–2016 (missing 1948–56)

Valentia–Stykkisholmur–Torshavn 1892–2016

Jan Mayen–Stykkisholmur–Bodø 1922–2016

Torshavn–Nordby–Bergen 1875–2016
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at the 0.05 significance level. Seasonal uncertainty is

determined correspondingly.

We determined the value of 80% of annual and sea-

sonal data availability as a lower limit through a sensi-

tivity analysis, in which we examined systematically how

data availability affects uncertainty estimates. As a result

we found that the uncertainty remains almost stable for a

data availability greater than 80%.Note that our approach

also treats missing data equally, thereby automatically

adjusting (inflating) the uncertainty in periods that have

no data available.

3. Results and discussion

a. Storm activity

Figure 2 shows the time series of standardized and

averaged annual 95th and 99th percentiles of geostrophic

wind speeds over the northeast Atlantic for the period

1875–2016. The time series of annual percentiles show

pronounced interannual and interdecadal variability.

Interdecadal variability is highlighted by applying a

Gaussian low-pass filter with s 5 3 denoting the stan-

dard deviation of the underlying Gaussian distribution

of the low-pass filter. The annual time series indicate

high storminess levels in the late nineteenth century

(with maxima at 1.77 in 1877 for the 95th percentile and

1.63 in 1881 for the 99th percentile), from which storm

activity declines to average levels in the turn of the

centuries. Storminess rises again in the following years

and decreases gradually to subaverage values in the

1930s, followed by an increase until around 1950. From

1950 to the 1960s, we see a sharp decline in storminess.

The following decades indicate a remarkable upward

trend in storminess from the calmer 1960s to the mid-

1990s to storminess levels similar and slightly greater

than those found in the late nineteenth century with

maxima at 1.63 in 1990 for the 95th percentile and 1.98 in

1993 for the 99th percentile.

Storminess levels in the late 1990s and 2000s are

characterized by a decrease in storminess to average or

subaverage values in 2010. The reported annual values

of storminess in 2010 of 21.8 and 21.7 (95th and 99th

percentiles) denote the absolute minimum in storm ac-

tivity over the examined period. The following years

again show an increase in storminess. The magnitude of

storminess depends on the regarded region and percentile,

but corresponds to wind speeds of at least 7 on the Beau-

fort scale (Bft; 14.4ms21) for the 95th percentile and at

least 8 Bft (17.5ms21) for the 99th percentile of geo-

strophic wind speed. For instance, 2009 and 2010 are the

two years with the lowest values of storm activity. In these

years, the triangle JanMayen–Stykkisholmur–Bodø shows
16.45 and 16.39m s21 (19.38 and 21.75ms21) for the

95th percentile (99th percentile) of geostrophic wind

speed. Apart from these two years, all values obtained

over the triangles are greater than 8 Bft. The results

obtained confirm and extend previous results (Schmith

et al. 1998; Alexandersson et al. 1998, 2000;Wang et al.

2009; Matulla et al. 2008) to 2016. Furthermore, our

results are also backed independently by a study that

homogenizes long wind speed measurements from the

Netherlands to calculate storm loss indices (Cusack

2013). The temporal evolution of their presented time

series of the 10-yearly number of damaging storms

over the Netherlands is very similar to our low-pass-

filtered annual time series seen in Fig. 2. Unfortu-

nately, long and homogeneous wind speed time series

as analyzed in Cusack (2013) are rarely found, mak-

ing the use of pressure-based proxies for past storm

activity inevitable.

Examining storminess time series on the seasonal

scale helps to understand the annual time series in

more detail. Therefore, the time series are standard-

ized by using the annual long-term average and stan-

dard deviation instead of seasonal values to make the

seasonal time series comparable to each other and to

the annual time series. As a result, seasonal contribu-

tions to the overall annual time series become distin-

guishable. Storminess on the seasonal scale (Fig. 3) shares

similarities and characteristics with that of annual

high percentiles of geostrophic wind speeds, such as the

pronounced interannual and interdecadal variability.

However, there are notable differences in the behavior

of the time series between individual seasons. First, as

the seasonal time series shown in Fig. 3 are standardized

FIG. 2. Standardized time series of annual 95th (plus signs) and

99th (circles) percentiles of geostrophic wind speeds averaged over

10 triangles in the northeastAtlantic. Solid and dashed lines denote

low-pass-filtered time series.
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by the same annual time series used for Fig. 2, the figure

reveals that the magnitude of storminess in the summer

seasons is weaker than that of the other seasons to a

great extent. Even the maximum of JJA storminess in

the early 1880s is weaker than the long-term average

of storm activity. Storm activity in spring is in general

lower than the long-term average. SON storm activ-

ity oscillates around the long-term average of storm

activity. Furthermore, as the figure shows, the mag-

nitude of DJF storminess is the largest among the

seasons indicating that the annual wind speed dis-

tribution is dominated by winter storm activity.

Second, it is the interplay of storm activity during

fall, winter, and spring that determines the overall

storm climate in the northeast Atlantic as those

storminess time series are very similar to that of an-

nual northeast Atlantic storminess in their evolution.

We also see that the low level of annual storminess

in the 1960s starts with lower levels of storm activity

in spring and fall, when winter storminess is still

declining. Winter storminess declines further until

about 1970, when fall storminess is already on the rise

again. Further, fall storminess finds its peak shortly

after 1980 and declines to average values afterward,

whereas winter storm activity rises until the begin-

ning of the 1990s (topping storminess values around

1880 during winter 1991/92), declines until 2010, and

increases afterward.

b. Storm activity and the North Atlantic Oscillation

Over the northeast Atlantic the atmospheric circu-

lation is determined by the NAO to a great extent

(Hurrell 1995). We explore the relationship of north-

east Atlantic storminess with the NAO by comparing

the time series of storminess with that of the similarly

long NAO index time series based on the difference

of normalized sea level pressure (SLP) between Lisbon,

Portugal and Stykkisholmur/Reykjavik, Iceland since

1864 retrieved from NCAR (2018). For the analysis

we use the seasonal and annual NAO index. The an-

nual and low-pass-filtered time series of the NAO index

are shown in Fig. 4 along with the low-pass-filtered time

FIG. 3. Standardized time series of seasonal 95th and 99th percentiles of geostrophic wind speeds averaged over

10 triangles in the northeastAtlantic. Solid and dashed lines denote low-pass-filtered time series. Note that seasonal

time series are standardized by the same annual time series used to standardize Fig. 2.

1924 JOURNAL OF CL IMATE VOLUME 32

Unauthenticated | Downloaded 03/16/25 11:47 PM UTC



series of northeast Atlantic storminess. The long-

term variability of the NAO index, in particular of

the low-pass-filtered time series, is quite similar to

that of the storminess time series, but also shows

some differences. In the beginning of the period an-

alyzed, storminess is high, but the NAO is low, when

we find relatively high values of summer storminess

(see Fig. 3). Shortly afterward, high values can be

found in the beginning of the twentieth century with a

decrease until the 1960s, followed by a subsequent

increase until the 1990s, when storm activity peaks.

Afterward the NAO finds its absolute minimum over

the period analyzed, namely, 25.96 in 2010, which

also coincides with the year having the lowest value

in storminess (cf. Fig. 2). The year 2010 is associated

with high values of the Greenland blocking index

(GBI; Hanna et al. 2015) that describes the large-

scale presence and strength of high pressure systems

over Greenland. In winter 2010, which was one of the

years with lowest values of geostrophic wind speed

percentiles for the northernmost triangle, such a high

pressure system expands from Greenland to Russia

bringing the northeast Atlantic area under the in-

fluence of cold and calmer conditions than usual

(Hanna et al. 2018). In the years thereafter, the NAO

is mostly positive.

The relationship is further investigated through a

correlation analysis between the (unfiltered) seasonal

and annual NAO index and our storminess time serie

(Table 3). The highest correlations can be found for the

winter season, for which the correlation ranges between

0.6250 (99th percentile) and 0.6882 (95th percentile).

The correlation on the annual time scale is in a simi-

lar order with values from 0.4388 (99th percentile) to

0.5191 (95th percentile). We find that correlations in

fall seasons are lowest without showing correlations

significantly greater than 0 at the 0.01 level. Signifi-

cance is determined through applying a Fisher trans-

formation (Fisher 1915) of the correlation and testing

whether the transformed values are significantly greater

than 0. Earlier studies, such as Alexandersson et al.

(1998) and Matulla et al. (2008), find similar values

for the correlation.

As the link between the NAO and northeastern At-

lantic storm activity is not constant over time (Matulla

et al. 2008; Hanna et al. 2008; Pinto and Raible 2012),

we calculated the correlation between annual time se-

ries over a moving window of a 31-yr time span (Fig. 5).

We see that the correlations are positive for the whole

period. The time series of correlations are weak in the

FIG. 4. Annual NAO index and low-pass-filtered time series

of the NAO index 95th and 99th annual percentiles of geo-

strophic wind speeds averaged over 10 triangles in the north-

east Atlantic.

TABLE 3. Simultaneous correlation between the NAO index and

northeast Atlantic storm activity time series for annual and sea-

sonal scales for the period 1875–2016. Boldface values denote

correlations significantly greater than 0 at a significance level of

0.01.

Correlation MAM JJA SON DJF Annual

95th percentiles 0.3814 0.2077 0.1210 0.6882 0.5191
99th percentiles 0.2294 0.2046 0.0548 0.6250 0.4388

FIG. 5. Running correlation between the annualNAOindex and the

95th and 99th annual percentiles of geostrophic wind speeds averaged

over 10 triangles in the northeast Atlantic. The correlation has been

calculated over a moving window of a 31-yr time span. Correlations

shown represent correlations for the 15 years prior to and after a

particular year. The horizontal solid line at 0.3012 denotes the critical

value for a correlation significantly greater than 0 at the 0.05 level.

15 MARCH 2019 KRUEGER ET AL . 1925

Unauthenticated | Downloaded 03/16/25 11:47 PM UTC



beginning and increase until 1905 to 0.6 (0.4) for the

correlation with the annual 95th (99th) percentile.

After a gradual decline, the period of the 1930s shows

the weakest correlations, namely, 0.3 (95th percentile)

and 0.05 (99th percentile). Afterward, the correlation

increases steadily until the mid-1970s with maximum

correlations found at 0.8 (95th percentiles) and 0.6

(99th percentiles), respectively. Whereas the corre-

lation for the 95th percentile slightly declines and

increases again to 0.75, the correlation for the 99th

percentile rises to its maximum value, 0.7, at the end

of the period. The correlation and its variability in-

dicate the strength of the link between the North

Atlantic Oscillation and northeast Atlantic storm ac-

tivity and identify periods characterized by a weak

connection. The period with the lowest correlations

found is also the period when the 99th percentile is not

significantly positively correlated with the NAO index

at the 0.05 level, as the critical value for the correla-

tion to be exceeded is 0.3012. In fact, while the 95th

percentile is always significantly correlated, the 99th

percentile is not during 1920–45.

Raible et al. (2014) found a similar relationship of

the NAO dipole pattern over time derived from tele-

connectivity maps of detrended winter 500-hPa geo-

potential height fields in 20CR calculated over moving

windows spanning 30 years each. When comparing the

most recent pattern with earlier patterns over the

North Atlantic in the reanalysis, they found 1940–69 to

be the period with the lowest agreement, showing an

NAO dipole structure shifted to the west with a wave

train–like pattern visible, which connects Greenland,

the British Isles, and the eastern Mediterranean. Peings

and Magnusdottir (2014) confirm this pattern in their

analyses independently in the sea level pressure. Be-

fore and after that period, the strength of the link in-

creases with maximum values found in recent times.

Even though Raible et al. (2014) concentrate on tele-

connection patterns at the 500-hPa geopotential height

only (hence the shifted period), their analyses help

explain our results, as in periods with low correla-

tions between the NAO and northeast (NE) Atlan-

tic storminess, other modes of atmospheric variability

dominate. When these other modes are present and

the NAO dipole pattern is shifted, the ability of the

traditional station-based NAO index to describe the

strength of the actual NAO and storminess dimin-

ishes. The station-based NAO index only represents

atmospheric movements if the centers of the Azores

high and Icelandic low pressure system as the poles of

the North Atlantic Oscillation are near the stations

used for deriving the NAO index. Possible changes in

the NAO poles’ location thus affect our correlation

analysis. Moreover, it is also possible to observe storm

activity during NAO phases that are usually not as-

sociated with high levels of storm activity (Pinto et al.

2009), for example, in the 1880s. The atmospheric cir-

culation structure and storm tracks may be shifted in

such cases compared to a regular NAO structure,

but storm activity would still be detectable by our

method that covers a large spatial scale in the north-

east Atlantic.

c. Uncertainty

Even though the time series of northeast Atlantic

storminess after Alexandersson et al. (1998) is re-

garded as one of the most robust methods to derive

long-term storm activity, it is still susceptible to in-

herent uncertainty, which results from uncertainties

related to the air pressure observations, sampling and

data availability, and processing of the data including

our temporal interpolation and height correction.

Our analysis therefore uses a bootstrapping approach

to obtain information about the uncertainty of northeast

Atlantic storminess. Figure 6 shows the time series of

storm activity, including the 95% confidence interval.

In addition, Fig. 7 depicts the range of the 95% confi-

dence interval, and Fig. 8 depicts the same uncertainty

range for each season. First, it is apparent that the

uncertainty is higher for the time series based on 99th

percentiles than for that of 95th percentiles. While the

former ranges between 0.35 and 1.1, the latter only

ranges between 0.3 and 0.8. Low-pass-filtered time se-

ries show a steadier 95% confidence interval, for which

the values range between 0.5 and 1.0 (99th percentiles)

and between 0.35 and 0.7 (95th percentiles). The dif-

ferences between the uncertainties of the 95th and

99th percentiles result from sampling and conse-

quently from the higher variability of the 99th per-

centiles compared to the 95th percentiles, as the sample

size required to calculate the percentiles is higher for the

upper percentile.

Second, uncertainty is highest in the early years as

the time series of pressure observations was recorded

less frequently back then and is prone to errors often

resulting in data that have been removed during our

data retrieval because of poor-quality flags. The two

highest values of uncertainty in the early years, for

instance, are 0.78 (1.1) and 0.84 (1.0) for the 95th

(99th) annual percentiles in the years 1876 (1875) and

1889 (1880). After 1885, the uncertainty declines to

about 0.4 (0.5) for the 95th (99th) percentiles and

does not vary much from 1905 onward. This decline

coincides with the addition of several triangles in

1892, 1900, 1902, and 1922 to the calculation, making

the resulting storminess time series more robust. The
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missing years of the Aberdeen record during the period

1948–56, which affect the calculation of five triangles,

are visible by an increase of the uncertainty up to 0.65

(0.9) for the 95th (99th) percentiles. The uncertainty

of the low-pass-filtered time series rises to 0.5 and

0.67 for the 95th and 99th percentiles, respectively.

After 1960, the uncertainty returns to previous levels

but is slightly lower than before, likely because of

better observation techniques. Compared with the

early uncertainty, recent uncertainty is about half as

high indicating a stronger representativity of storm-

iness in more recent years. We noticed that since the

second half of the twentieth century, air pressure is

often recorded hourly, so that there is no need for

interpolation.

Furthermore, Fig. 6, in particular Fig. 6b, illus-

trates that the uncertainty intervals are not cen-

tered symmetrically around storminess values derived

from the full set of observed pressure data. As the

bootstrapping applied does not presume any under-

lying distribution for storminess values, but samples

from a thinned number of observed pressure data,

the confidence interval provides the range of possible

realizations, including the observed value for storminess.

Such a behavior does not necessarily mean that specific

storminess quantiles are not normally distributed, but it

does suggest that the true value for storminess might

be shifted. From the same figure, we also see that even

though storminess levels from observed pressure data

are slightly higher in the early 1990s than those found

in the late nineteenth century, the 95% confidence

intervals overlap. Such an overlap suggests that stormi-

ness levels would not be statistically different from each

other, which we are able to confirm at the 0.05 signifi-

cance level when testing whether the differences be-

tween the observed values are significantly different

from 0 (not shown).

The variability of the uncertainty on the seasonal

scale is similar (Fig. 8) with notable differences. The

seasonal uncertainty is higher than the annual uncer-

tainty. Here, a decreased seasonal sample size leads to

an amplification of the uncertainty, in particular in

the years for which the data availability is low per se

(i.e., low number of stations with a high number of

missing or erroneous observations). For instance, the

uncertainty in the earlier years reaches values of up to

2.3 for the seasonal 99th-percentile time series (e.g.,

in JJA 1881), while the maximum value of the annual

FIG. 6. Uncertainty estimates for northeast Atlantic storminess time series based

on annual (a) 95th and (b) 99th percentiles of geostrophic wind speed. Shown are

the annual values of storminess, including error bars denoting the 95% confidence in-

terval. Lines indicate Gaussian low-pass-filtered time series including a 95% confidence

interval.
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time series is 1.1. When all the stations are available

and the overall data availability is high (later years),

the seasonal uncertainty is in the range of 0.5–0.7

(0.8–1.0) for the 95th (99th) low-pass-filtered sea-

sonal percentile time series and slightly higher for the

unfiltered time series. The increase of uncertainty

from annual to seasonal time scales indicates almost a

doubling of uncertainty in storminess time series and

puts less confidence in the estimates of seasonal storm

activity in general, especially in the earlier years of

the analyzed period.

When translating these uncertainty estimates from

standardized values to physical units we make use of

the derived values for the uncertainty and combine

them with the standard deviations of the triangles.

Using, for instance, a standard deviation of 1.10m s21,

which is the standard deviation of the annual 95th

percentiles of storminess over the northernmost triangle

(Jan Mayen–Stykkisholmur–Bodø), an annual uncer-

tainty of about 0.5 standard deviations (at 1940) trans-

lates to an annual 95% confidence range of 0.55m s21.

For the Torshavn–Aberdeen–Bergen triangle, cor-

responding values would be 1.3m s21 (standard de-

viation) and 0.65m s21 (uncertainty range). On the

seasonal scale, these values would be about twice as

high. Alexandersson et al. (1998) suggested that er-

rors in the pressure observations, time interpolation,

and sampling can result in errors of 2–5m s21 for the

upper percentiles. Compared to their estimates, our

uncertainty is an order of magnitude smaller. Even

though our bootstrapping approach assumes that at

maximum 20% of the data is missing and, on top

of that, also considers missing data, the estimate of

Alexandersson et al. (1998) is more conservative and

based on ad hoc parametric estimates. In comparison,

our analysis uses nonparametric means to robustly

approximate the time-varying uncertainty of north-

east Atlantic storminess. Which uncertainty estimate

proves to be more valid is not overly important, as

there is only one realization of storm activity, but it

provides valuable information about the representa-

tivity of storminess values over time.

4. Concluding remarks

Earlier studies focusing on shorter reanalyses or

other numerical products report increases in stormi-

ness in the Atlantic sector [for an overview, see Feser

et al. (2015) and Hartmann et al. (2013)] due to a

relatively short time period. This initiated discussions

about the potential impact of climate change on

storminess. However, our long time series of north-

east Atlantic storm activity helps to put the period

from the 1960s to the 1990s, with its remarkable in-

crease in storm activity, into a long-term perspective,

with storminess revealing multidecadal variability.

The link with the NAO is found to bemedium to good

for the whole period analyzed, but it is weakest in the

1930s, indicating that other modes of atmospheric vari-

ability are present. After the 1930s, the link increases

steadily to a stable connection that is characterized by a

high correlation.

The newly developed uncertainty estimates are

highest in the early years and for the period 1948–56,

for which there are no observations at the Aberdeen

station available. Data quality and availability directly

affect the uncertainty estimates resulting in a reduced

uncertainty in periods with high-quality data. Seasonal

uncertainty is about twice as high as that of the annual

time series, as the decreased seasonal sample size am-

plifies the uncertainty.

The increase from the 1960s to the 1990s and the

following atmospheric stilling in northeast Atlantic

storminess may already be a sign of changes expected

as a result of climate change (Hartmann et al. 2013;

Chang 2018; Barcikowska et al. 2018), which would

agree with an eastward shift of the NAO centers of

actions (Ulbrich and Christoph 1999). However, as

recent studies highlight, the atmospheric circulation

in the midlatitudes is dominated by internal vari-

ability (Raible et al. 2014; Hanna et al. 2018), making

reliable projections about the future state of the

circulation currently infeasible.

FIG. 7. Yearly values of uncertainty estimates for northeast At-

lantic storminess time series based on annual 95th and 99th per-

centiles of geostrophic wind speed. Shown are the annual values of

uncertainties as the range of the 95% confidence interval. Lines

indicate the uncertainty of Gaussian low-pass-filtered time series as

the range of the 95% confidence interval.
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APPENDIX

Derivation of Geostrophic Storminess

The approach of using geostrophic wind speeds to

infer about the long-term climate of storminess, first

utilized by Schmidt and von Storch (1993), makes use

of (simultaneous) triplets of pressure readings. The

method, described in detail in Alexandersson et al.

(1998), interpolates the mean sea level pressure ob-

servations p1, p2, and p3 over the area of the trian-

gle determined through the set of station coordinates

(x1, y1x1, y1), (x2, y2), and (x3, y3). At each location (x, y)

within the triangle, the pressure p is described as

p5 ax1 by1 c . (A1)

The coordinates x and y are given by

x5R
e
l cos(f) , (A2)

y5R
e
f , (A3)

where Re denotes Earth’s radius, l denotes the longi-

tude, and f denotes the latitude. The coefficients a, b,

and c in Eq. (A1) can be derived by solving the following

set of equations:

FIG. 8. Seasonal values of uncertainty estimates for northeast Atlantic storminess time series based on annual

95th and 99th percentiles of geostrophic wind speed. Shown are the seasonal values of uncertainties as the range of

the 95% confidence interval. Lines indicate the uncertainty of Gaussian low-pass-filtered time series as the range of

the 95% confidence interval.
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The geostrophic wind speed is then calculated as

U
geo

5 (u2
g 1 y2g)

1/2
, (A5)

with

u
g
52

1

rf

›p

›y
52

b

rf
and y

g
5

1

rf

›p

›x
5

a

rf
, (A6)

where r is the density of air (set at 1.25 kgm23) and f

is the Coriolis parameter, which is usually the average

of the Coriolis parameter at each measurement site. The

coefficients a and b denote the zonal and meridional

pressure gradients. After having derived Ugeo at each

time step, time series of geostrophic wind speed statistics

can be obtained.
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