
 
 

 
 
 
 
 

 
Journal of Climate 

 

EARLY ONLINE RELEASE 
 

This is a preliminary PDF of the author-produced 
manuscript that has been peer-reviewed and 
accepted for publication. Since it is being posted 
so soon after acceptance, it has not yet been 
copyedited, formatted, or processed by AMS 
Publications. This preliminary version of the 
manuscript may be downloaded, distributed, and 
cited, but please be aware that there will be visual 
differences and possibly some content differences 
between this version and the final published version. 

 
The DOI for this manuscript is doi: 10.1175/JCLI-D-18-0505.1 
 
The final published version of this manuscript will replace the 
preliminary version at the above DOI once it is available. 
 
If you would like to cite this EOR in a separate work, please use the following full 
citation: 
 
Krueger, O., F. Feser, and R. Weisse, 2019: Northeast Atlantic Storm Activity and 
its Uncertainty from the late 19th to the 21st Century. J. Climate. 
doi:10.1175/JCLI-D-18-0505.1, in press. 
 
© 2019 American Meteorological Society 

 
AMERICAN  
METEOROLOGICAL  

SOCIETY 



Northeast Atlantic Storm Activity and its Uncertainty from the late 19th to1

the 21st Century2

Oliver Krueger∗3

Institute of Coastal Research, Helmholtz-Zentrum Geesthacht, Max-Planck-Str. 1, 21502

Geesthacht, Germany

4

5

Frauke Feser6

Institute of Coastal Research, Helmholtz-Zentrum Geesthacht, Max-Planck-Str. 1, 21502

Geesthacht, Germany

7

8

Ralf Weisse9

Institute of Coastal Research, Helmholtz-Zentrum Geesthacht, Max-Planck-Str. 1, 21502

Geesthacht, Germany

10

11

∗Corresponding author address: Institute of Coastal Research, Helmholtz-Zentrum Geesthacht,

Max-Planck-Str. 1, 21502 Geesthacht, Germany.

12

13

E-mail: oliver.krueger@hzg.de14

Generated using v4.3.2 of the AMS LATEX template 1

Manuscript Click here to access/download;LaTeX File (.tex, .sty, .cls,
.bst, .bib);geo_NA_Krueger_rev2.tex



ABSTRACT

Geostrophic wind speeds calculated from mean sea level pressure readings

are used to derive time series of northeast Atlantic storminess. The tech-

nique 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) complemented 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,

i. e. 2016. A multi-decadal increasing trend in storm activity starting in the

mid-1960s until the 1990s, whose high storminess levels are comparable to

those found in the late 19th century, initiated debate whether this would al-

ready be a sign of climate change. This study confirms that long-term stormi-

ness levels have returned to average values in recent years and that the multi-

decadal 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.
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1. Introduction31

Long observational records of wind are rare and often inhomogeneous (e. g. Wan et al. 2010;32

Lindenberg et al. 2012) as such time series of wind speed observations can be affected by changes33

of the types of instruments used (including calibration and maintenance), by station relocations and34

by physical changes in station surroundings (e. g. Schmith et al. 1997; Weisse et al. 2009; Feser35

et al. 2015). Consequently, direct wind measurements are a less effective measure for storminess36

and for the assessment of long-term storm activity. Furthermore, inhomogeneities potentially im-37

pair analyzed products, such as weather maps or long reanalyses, and hinder the evaluation of38

long-term trends of storm activity (Bengtsson et al. 2004; Ferguson and Villarini 2012; Krueger39

et al. 2013; Ferguson and Villarini 2014; Befort et al. 2016; Bloomfield et al. 2018). As a result,40

it is now common practice to make use of long time series of pressure measurements to derive41

proxies for storm activity. Even though air pressure like every measured variable certainly suf-42

fers from inhomogeneities, it is in comparison with wind measurements more skillful in terms of43

homogeneity and can be considered to be a robust variable. Near-surface air pressure as a spa-44

tially large-scale variable is mostly insensitive to local conditions or small-scale disturbances, for45

instance due to station relocations (Weisse and von Storch 2009). Furthermore, the method of46

measuring the surface air pressure did not change for centuries when using traditional barometers.47

Air pressure has thus been measured consistently for long periods. In some cases, observations48

longer than 100 years are available providing long and relatively homogeneous data sources that49

can be utilized to describe long-term variations in storm activity qualitatively. In contrast, there are50

less similar long and homogeneous time series of wind speed observations (e. g. Cusack 2013).51

Besides numerous air pressure-based proxies that utilize pressure readings from single weather52

stations (e. g. Bärring and von Storch 2004; Bärring and Fortuniak 2009; Krueger and von Storch53
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2012; Pingree-Shippee et al. 2018), the calculation of seasonal and annual statistics of geostrophic54

wind speeds over triangles of mean sea level pressure measurements is an established tool to derive55

storm activity over wider areas on longer time scales (Schmidt and von Storch 1993; Schmith56

1995; Schmith et al. 1998; Alexandersson et al. 1998, 2000; Matulla et al. 2008; Wang et al. 2009,57

2011; Krueger and von Storch 2011). Here, the geostrophic wind speed acts as a proxy for the58

wind speed close to the surface. Its skill in representing storminess is best over flat terrain and sea59

surfaces in the mid- and high-latitudes, where the atmospheric circulation is mostly geostrophic60

and ageostrophic disturbances are negligible (Krueger and von Storch 2011; Feser et al. 2015).61

Wang et al. (2009) found good agreement between the proxy and ERA40 reanalysed storminess.62

Later, Krueger and von Storch (2011) evaluated the informational content of the proxy in general63

and found it to be skillful in describing past storm activity.64

Alexandersson et al. (1998, 2000) analysed high annual percentiles of geostrophic wind speeds65

over the northeast Atlantic and the Baltic from 1881 onwards (published within WASA Group66

(1998) and as a follow-up study). They found that storm activity in the northeast Atlantic was at67

high levels in the late nineteenth century, which declined slowly afterwards until the 1960s. In68

the following, storminess increased until the 1990s to high levels with an ensuing decrease after-69

wards. The peak in storm activity levels in the 1990s is comparable to that of the late nineteenth70

century. The results of Alexandersson et al. (1998, 2000) were confirmed by several later studies71

consecutively extending the time series of northeast Atlantic storminess until 2007 (e.g. Trenberth72

et al. 2007; Matulla et al. 2008; Wang et al. 2009, 2011, 2014).73

Storm activity is influenced by the large-scale atmospheric variability, such as weather patterns74

and oscillations. The North Atlantic Oscillation (NAO), which is one such pattern, describes the75

pressure variability between the Icelandic Low and the Azore High. The NAO is quantified through76

the NAO index, which is either based on standardized pressure differences between Iceland and77
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the Azores (Hurrell 1995), or is based on pattern decomposition of northern hemisphere surface78

pressure or of geopotential height fields at different pressure levels (Barnston and Livezey 1987).79

The NAO is the dominant mode of pressure variability over the North Atlantic and affects the80

generation of storms to a large extent (Wanner et al. 2001; Pinto and Raible 2012). During high81

values of the NAO index, often found in winter, pressure differences and the frequency of low-82

pressure systems increase. Associated frontal systems with temperature and pressure gradients83

may lead to increased storm genesis, increased zonal flow, and storm activity (Feser et al. 2015).84

For instance, Donat et al. (2010) found that the majority of storm events takes place during periods85

with a positive value for the NAO index. Raible (2007), who analysed ERA40 reanalysis data,86

found that midlatitude cyclones are linked to the large-scale winter circulation. Raible (2007)87

relates the cyclone activity index with the 500 hPa geopotential height and obtains a correlation88

structure similar to the pattern of the NAO. Pinto et al. (2009) note that although a positive NAO89

index leads to more frequent and intense storms, severe storms can also occur during negative90

NAO phases.91

Studies that focussed on the evaluation of pressure-based proxies and examined the relationship92

between northeast Atlantic storminess and the NAO found differing results. Alexander et al. (2005)93

analysed the frequency of strong pressure changes occurring in winter as a measure for storm94

activity and found high correlations with the NAO over the British Isles and Iceland. Hanna95

et al. (2008) investigated the relation of the NAO and storm frequencies over northern Europe and96

found a positive link, but noted that the link is weaker in southern parts of the domain. Allan97

et al. (2009) assessed storm activity over the British Isles from the 1920s onwards and found98

the correlation with the NAO to be lower than that of the above mentioned studies. Matulla et al.99

(2008), when assessing long storminess time series for the Northeast Atlantic, write that ”the NAO100

index is not helpful to describe storminess” as correlations found are weak to medium (up to 0.44).101
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Furthermore, they note that the link between storminess and the NAO is not stationary over time,102

which is also shown by Pinto and Raible (2012) and Raible et al. (2014).103

This study assesses the annual time series of northeast Atlantic storminess based on high per-104

centiles of geostrophic wind speeds in the period 1875-2016 including its connection to the NAO105

and presents new uncertainty estimates derived through a bootstrapping approach. The manuscript106

is structured as follows: The second section describes the data being used and the derivation of107

the storminess time series including their uncertainty. Afterwards, the third section presents and108

discusses obtained results followed by the conclusions. The appendix provides more detailed in-109

formation about the derivation of geostrophic wind speeds.110

2. Data and Methods111

a. Preparation112

In our analysis we make use of pressure data from the International Surface Pressure Databank113

ISPD (Compo et al. 2015; Cram et al. 2015), which is a vast collection of historical surface pres-114

sure observations ordered in time and space with WMO station codes being used as identifiers.115

While the dataset as a whole currently ends in 2016, the time period covered differs among indi-116

vidual stations depending on the beginning and end of measurement activities. Furthermore, the117

ISPD provides metadata indicating the quality of measurements. These quality flags originate as118

feedback from creating the 20th century reanalysis 20CR (Appendix B in Compo et al. 2011) and119

are available until 2013. Based on these metadata we excluded all the measurements, for which120

the quality control (QC) flags indicated poor data quality. 20CR uses an automatic quality control121

procedure, which might exclude extremely low surface pressure values. Pressure data of the years122

2014 to 2016, for which these metadata are not available, were screened for errors and partly eval-123

6



uated by comparing with data available from the Norwegian Meterological Institute (downloaded124

from MET Norway 2018) and from the Danish Meteorological Institute (Cappelen et al. 2018a,b),125

which we also made use of for further validation of our own data mining routines.126

The derivation of geostrophic wind speeds requires pressure observations at sea level. Our127

data, extracted from the ISPD, often consisted of pressure observations that were not reduced to128

the mean sea level. In those cases we applied a height reduction based on international standard129

atmospheric values as we lack information about the state of the atmosphere at the time of pressure130

measurements, which would be needed to reduce the air pressure in a more sophisticated manner.131

Following Alexandersson et al. (1998), who used the barometric formula, the pressure reduction132

from height h to the mean sea level reads133

p0 = p(h) ·

(
1+

h · ∂T
∂h

T0

)− Mg

R ∂T
∂h

, (1)

where M is the molar mass of air (0.02896 kg mol−1), R is the gas constant (8.314 J mol−1K−1),134

and g is the gravitational acceleration (9.807 m s−2). When assuming a temperature T0 at sea135

level of 288.15 K, a lapse rate ∂T
∂h of -0.0065 K m−1 (values for the U. S. standard atmosphere),136

equation 1 becomes137

p0 = p(h) ·

(
1−

0.0065 K
m ·h

288.15K

)−5.255

. (2)

As a last preparatory step, the measurement data need to be simultaneous. In earlier times,138

measurements were taken at specific hours multiple times a day and were bound by local time139

zones. As a consequence, the available subdaily pressure data are misaligned in time, which we140

need to correct for. We achieved the temporal synchronization through interpolating the pressure141

observations from one station in time via a cubic spline interpolation to 3-hourly values at 0, 3, 6, 9,142

12, 15, 18, and 21 hours UTC. Here, we made use of the R-package zoo (Zeileis and Grothendieck143
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2005) and allowed for a maximum gap of 13 hours between available time steps. Time steps, for144

which the temporal interpolation is not possible, are denoted as not available.145

b. Northeast Atlantic Storminess146

In our approach, we aim at following Alexandersson et al. (1998, 2000) and make use of 10147

stations (table 1) forming 10 triangles of geostrophic wind speeds given in table 2. The time series148

over some triangles extend back to years earlier than 1875. Pressure observations and geostrophic149

winds prior to 1875 are omitted, as uncertainties increase in historical times due to sparse data150

availability and insecurities related to the documentation of earlier pressure readings. The station151

Aberdeen does not provide observations during the period 1948-1956, which affects 5 triangles in152

our analysis. Contrary to Wang et al. (2009), we do not replace the missing period by filling the gap153

with data from a different station relatively nearby, but address the issue through our uncertainty154

analysis.155

For each of the triangles we calculate geostrophic wind speeds (the appendix section provides156

a detailed description), from which we derive seasonal and annual frequency distributions. Those157

are then utilized to derive seasonal and annual 95th and 99th percentiles as a measure for mod-158

erate and extreme storm activity. Depending on the location of the triangle the magnitudes of159

the percentile time series differ substantially. In order to bring the percentile time series into the160

same range, the individual triangle time series of percentiles are standardized by subtracting the161

average and by dividing through the standard deviation of the triangle time series individually. We162

use averages and standard deviations of the period 1881-2010 (where available). Obtained time163

series are dimensionless, however can be understood as the number of standard deviations away164

from the long-term average. The standardization does not change the underlying distribution of165

the considered quantiles as it only changes the range and units. However, there is no reason to166
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assume that individual quantiles do not follow a normal distribution (Walker 1968). The standard-167

ized time series of the 10 triangles are then averaged separately for the 95th and 99th percentile168

time series to obtain one annual time series representative for seasonal or yearly northeast Atlantic169

storm activity. Note that unexpected differences between the averages of the standardized 95th and170

99th percentiles are a possible result of the applied standardization procedure as the percentile time171

series are standardized individually (e. g., when the standardized and averaged 99th percentiles are172

smaller than the standardized and averaged 95th percentiles).173

c. Uncertainty174

Even though pressure measurements are mostly homogeneous, pressure measurements, and con-175

sequently northeast Atlantic storminess time series, are still prone to uncertainties due to measure-176

ment routines, conversion, digitization, sampling errors (see Schmith et al. 1997; Alexandersson177

et al. 1998), data availability, and preprocessing of the data including temporal interpolation and178

height correction. So far, the reported storminess time series in the northeast Atlantic do not179

include estimates of uncertainty.180

To overcome this lack of information, we applied a bootstrapping approach (Efron and Tibshi-181

rani 1986; DiCiccio and Efron 1996) instead of examining individual sources of uncertainty. We182

assume that the bootstrapping applied uncovers the uncertainty in storminess time series inherited183

from sampling and from uncertainties apparent in pressure observations. Bootstrapping describes184

a technique to estimate sample distributions of statistics non-parametrically through random sam-185

pling with replacement, which we apply in two steps to the time series of northeast Atlantic storm186

activity. First, we bootstrapped annual 95th and 99th percentiles of geostrophic wind speeds for187

each triangle and year separately. Through randomly selecting between 80 % and 99.99 % of the188

data available for each year and subsequently calculating 95th and 99th percentiles of geostrophic189
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wind speeds, we build distributions thereof for each year and triangle separately consisting of190

2500 samples of percentiles each. Second, from these annual distributions we draw yearly time191

series of annual percentiles for each triangle randomly, which are then standardized and aver-192

aged. By repeatedly applying this procedure, we obtain 100,000 realizations of the northeast193

Atlantic storminess time series, from which we calculate yearly 2.5th and 97.5th percentiles as the194

lower and upper bounds of a 95 %-confidence interval. Every value that falls within the 95 %-195

confidence interval does not differ significantly from the northeast Atlantic storminess time series196

derived after Alexandersson et al. (1998, 2000) at the 0.05-significance level. Seasonal uncertainty197

is determined correspondingly.198

We determined the value of 80 % of annual and seasonal data availability as a lower limit199

through a sensitivity analysis, in which we examined systematically how data availability affects200

uncertainty estimates. As a result we found that the uncertainty remains almost stable for a data201

availability greater than 80 %. Note that our approach also treats missing data equally, thereby202

automatically adjusting (inflating) the uncertainty in periods that have no data available.203

3. Results and Discussion204

a. Storm Activity205

Figure 2 shows the time series of standardized and averaged annual 95th and 99th percentiles206

of geostrophic wind speeds over the northeast Atlantic for the period 1875-2016. The time se-207

ries of annual percentiles show pronounced interannual and interdecadal variability. Interdecadal208

variability is highlighted by applying a Gaussian lowpass filter with σ=3 denoting the standard209

deviation of the underlying Gaussian distribution of the lowpass filter. The annual time series in-210

dicate high storminess levels in the late 19th century (with maxima at 1.77 in 1877 for the 95th and211
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1.63 in 1881 for the 99th percentiles), from which storm activity declines to average levels in the212

turn of the centuries. Storminess rises again in the following years and decreases gradually to sub-213

average values in the 1930s, followed by an increase until around 1950. From 1950 to the 1960s,214

we see a sharp decline in storminess. The following decades indicate a remarkable upward trend215

in storminess from the calmer 1960s to the mid-1990s to storminess levels similar and slightly216

greater than those found in the late 19th century with maxima at 1.63 in 1990 for the 95th and 1.98217

in 1993 for the 99th percentiles.218

Storminess levels in the late 1990s and 2000s are characterized by a decrease in storminess219

to average or sub-average values in 2010. The reported annual values of storminess in 2010 of220

-1.8 and -1.7 (95th and 99th percentiles) denote the absolute minimum in storm activity over the221

examined period. The following years again show an increase in storminess. The magnitude of222

storminess depends on the regarded region and percentile, however corresponds to wind speeds223

of at least 7 Bft (14.4 m s−1) for the 95th percentiles and at least 8 Bft (17.5 m s−1) for the224

99th percentiles of geostrophic wind speeds. For instance, 2009 and 2010 are the 2 years with225

the lowest values of storm activity. In these years, the triangle Jan Mayen–Stykkisholmur–Bodø226

shows 16.45 and 16.39 m s−1 (19.38 and 21.75 m s−1) for the 95th percentiles (99th percentiles)227

of geostrophic wind speed. Apart from these two years, all values obtained over the triangles are228

greater than 8 Bft. The results obtained confirm and extend previous results (Schmith et al. 1998;229

Alexandersson et al. 1998, 2000; Wang et al. 2009; Matulla et al. 2008) to 2016. Furthermore, our230

results are also backed independently by a study that homogenizes long wind speed measurements231

from the Netherlands to calculate storm loss indices (Cusack 2013). The temporal evolution of232

their presented time series of the 10-yearly number of damaging storms over the Netherlands is233

very similar to our low-pass filtered annual time series seen in Fig. 2. Unfortunately, long and234
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homogeneous wind speed time series as analysed in Cusack (2013) are rarely found making the235

use of pressure-based proxies for past storm activity inevitable.236

Examining storminess time series on the seasonal scale helps to understand the annual time237

series in more detail. Therefore, the time series are standardized by using the annual long-term238

average and standard deviation instead of seasonal values to make the seasonal time series compa-239

rable to each other and to the annual time series. As a result, seasonal contributions to the overall240

annual time series become distinguishable. Storminess on the seasonal scale (Fig. 3) shares simi-241

larities and characteristics with that of annual high percentiles of geostrophic wind speeds, such as242

the pronounced interannual and -decadal variability. However, there are notable differences in the243

behaviour of the time series between individual seasons. First, as the seasonal time series shown244

in Fig. 3 are standardized by the same annual time series used for Fig. 2, the figure reveals that the245

magnitude of storminess in the summer seasons is weaker than that of the other seasons to a great246

extent. Even the maximum of JJA-storminess in the early 1880s is weaker than the long-term aver-247

age of storm activity. Storm activity in spring is in general lower than the long-term average. SON248

storm activity oscillates around the long-term average of storm activity. Furthermore, as the figure249

shows, the magnitude of DJF storminess is the largest among the seasons indicating that the annual250

wind speed distribution is dominated by winter storm activity. Second, it is the interplay of storm251

activity during fall, winter, and spring that determines the overall storm climate in the northeast252

Atlantic as those storminess time series are very similar to that of annual northeast Atlantic stormi-253

ness in their evolution. We also see that the low level of annual storminess in the 1960s starts with254

lower levels of storm activity in spring and fall, when winter storminess is still declining. Winter255

storminess declines further until about 1970, when fall storminess is already on the rise again.256

Further, fall storminess finds its peak shortly after 1980 and declines to average values afterwards,257
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whereas winter storm activity rises until the beginning of the 1990s (topping storminess values258

around 1880 in the winter 1991/92), declines until 2010 and increases afterwards.259

b. Storm Activity and the North Atlantic Oscillation260

Over the northeast Atlantic the atmospheric circulation is determined by the North Atlantic Os-261

cillation (NAO) to a great extent (Hurrell 1995). We explore the relationship of northeast Atlantic262

storminess with the NAO by comparing the time series of storminess with that of the similarly263

long NAO index time series based on the difference of normalized sea level pressure (SLP) be-264

tween Lisbon, Portugal and Stykkisholmur/Reykjavik, Iceland since 1864 retrieved from NCAR265

(2018). For the analysis we use the seasonal and annual NAO index. The annual and lowpass fil-266

tered time series of the NAO index are shown in Fig. 4 along with the lowpass filtered time series267

of northeast Atlantic storminess. The long-term variability of the NAO index, in particular of the268

lowpass filtered time series, is quite similar to that of the storminess time series, but also shows269

some differences. In the beginning of the period analysed, storminess is high, but the NAO is low,270

when we find relatively high values of summer storminess (see Fig. 3). Shortly afterwards, high271

values can be found in the beginning of the 20th century with a decrease until the 1960s, followed272

by a subsequent increase until the 1990s, when storm activity peaks. Afterwards the NAO finds its273

absolute minimum over the period analysed, namely -5.96 in 2010, which also coincides with the274

year having the lowest value in storminess (compare Fig. 2). The year 2010 is associated to high275

values of the Greenland blocking index (GBI) (Hanna et al. 2014) that describes the large-scale276

presence and strength of high pressure systems over Greenland. In winter 2010, which was one of277

the years with lowest values of geostrophic wind speed percentiles for the northern most triangle,278

such a high pressure system expands from Greenland to Russia bringing the northeast Atlantic279
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area under the influence of cold and calmer conditions than usual (Hanna et al. 2018). In the years280

thereafter, the NAO is mostly positive.281

The relationship is further investigated through a correlation analysis between the (unfiltered)282

seasonal and annual NAO index and our storminess time series (table 3). The highest correla-283

tions can be found for the winter season, for which the correlation ranges between 0.6250 (99th
284

percentiles) to 0.6882 (95th percentiles). The correlation on the annual time scale is in a similar285

order with values of 0.4388 to 0.5191. We find that correlations in fall seasons are lowest with-286

out showing correlations significantly greater than 0 at the 0.01-level. Significance is determined287

through applying a Fisher-transformation (Fisher 1915) of the correlation and testing whether the288

transformed values are significantly greater than 0. Earlier studies, such as Alexandersson et al.289

(1998) and Matulla et al. (2008), find similar values for the correlation.290

As the link between the NAO and northeastern Atlantic storm activity is not constant over time291

(Matulla et al. 2008; Hanna et al. 2008; Pinto and Raible 2012), we calculated the correlation292

between annual time series over a moving window of a 31-year time span (Fig. 5). We see that293

the correlations are positive for the whole period. The time series of correlations are weak in the294

beginning and increase until 1905 to 0.6 (0.4) for the correlation with annual 95th (99th) percentiles.295

After a gradual decline, the period of the 1930s shows the weakest correlations, namely 0.3 (95th
296

percentiles) and 0.05 (99th percentiles). Afterwards, the correlation increases steadily until the297

mid-1970s with maximum correlations found at 0.8 (95th percentiles) and 0.6 (99th percentiles),298

respectively. Whereas the correlation with the 95th percentiles slightly declines and increases299

again to 0.75, the correlation for the 99th percentiles rises to its maximum value, 0.7, in the end of300

the period. The correlation and its variability indicate the strength of the link between the North301

Atlantic Oscillation and northeast Atlantic storm activity and identify periods characterized by a302

weak connection. The period with the lowest correlations found is also the period, when the 99th
303
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percentiles are not significantly positively correlated with the NAO index at the 0.05-level as the304

critical value for the correlation to be exceeded is at 0.3012. In fact, while the 95th percentiles are305

always significantly correlated, the 99th percentiles are not during 1920-1945.306

Raible et al. (2014) found a similar relationship of the NAO-dipole pattern over time derived307

from teleconnectivity maps of detrended winter 500 hPa-geopotential height fields in the 20CR308

reanalysis calculated over moving windows spanning 30 years each. When comparing the most309

recent pattern with earlier patterns over the North Atlantic in the reanalysis, they found 1940-310

1969 to be the period with the lowest agreement showing a NAO-dipole structure shifted to the311

west with a wave-train like pattern visible, which connects Greenland, the British Isles and the312

eastern Mediterranean. Peings and Magnusdottir (2014) confirm this pattern in their analyses in-313

dependently in the sea level pressure. Before and afterwards that period, the strength of the link314

increases with maximum values found in recent times. Even though Raible et al. (2014) concen-315

trate on teleconnection patterns in the 500-hPa geopotential height only (hence the shifted period),316

their analyses make our results better understandable as in periods with low correlations between317

the NAO and NE Atlantic storminess other modes of atmospheric variability dominate. When318

these other modes are present and the NAO-dipole pattern is shifted, the value of the traditional319

station-based NAO index diminishes in describing the strength of the actual NAO and storminess.320

The station-based NAO index only represents atmospheric movements, if the centers of the Azores321

high and Icelandic low pressure system as the poles of the North Atlantic Oscillation are near the322

stations used for deriving the NAO index. Possible changes in the NAO poles’ location thus af-323

fect our correlation analysis. Moreover, it is also possible to observe storm activity during NAO324

phases that are usually not associated with high levels of storm activity (Pinto et al. 2009), e.g. in325

the 1880s. The atmospheric circulation structure and storm tracks may be shifted in such cases326
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compared to a regular NAO structure, but storm activity would still be detectable by our method327

that covers a large spatial scale in the northeast Atlantic.328

c. Uncertainty329

Even though the time series of northeast Atlantic storminess after Alexandersson et al. (1998) is330

regarded as one of the most robust methods to derive long-term storm activity, it is still susceptible331

to inherent uncertainty, which results from uncertainties related to the air pressure observations,332

sampling and data availability, and processing of the data including our temporal interpolation333

and height correction. Our analysis therefore uses a bootstrapping approach to obtain information334

about the uncertainty of northeast Atlantic storminess. Figure 6 shows the time series of storm335

activity including the 95 %-confidence interval. In addition, figure 7 depicts the range of the 95 %-336

confidence interval, figure 8 the same uncertainty range for the seasons. First, it is apparent that337

the uncertainty is higher for the time series based on 99th percentiles than that of 95th percentiles.338

While the first ranges between 0.35 to 1.1, the latter only ranges between 0.3 to 0.8. Lowpass-339

filtered time series show a more steady 95 %-confidence interval, for which the values range340

between 0.5 to 1.0 (99th percentiles) and 0.35 to 0.7 (95th percentiles). The differences between341

the uncertainties of 95th and 99th percentiles result from sampling and consequently from the342

higher variability of 99th percentiles compared to 95th percentiles as the sample size required to343

calculate the percentiles is higher for the upper percentile.344

Second, uncertainty is highest in the early years as the time series of pressure observations was345

recorded less frequently back then and is prone to errors often resulting in data that has been346

removed during our data retrieval due to bad quality flags. The 2 highest values of uncertainty347

in the early years, for instance, are 0.78 (1.1) and 0.84 (1.0) for the 95th (99th) annual percentiles348

in the years 1876 (1875) and 1889 (1880). After 1885 the uncertainty declines to about 0.4 (0.5)349
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for the 95th (99th) percentiles and does not vary much from 1905 onwards. This decline coincides350

with the addition of several triangles in 1892, 1900, 1902, and 1922 to the calculation making351

the resulting storminess time series more solid. The missing years of the Aberdeen record during352

the period 1948-1956 that affect the calculation of 5 triangles is visible by an increase of the353

uncertainty up to 0.65 (0.9) for the 95th (99th) percentiles. The uncertainty of the lowpass-filtered354

time series rises to 0.5 and 0.67 for the 95th and 99th percentiles. After 1960, the uncertainty returns355

to previous levels, but is slightly lower than before, likely due to better observation techniques.356

Compared with the early uncertainty, recent uncertainty is about half as high indicating a stronger357

representativity of storminess in more recent years. We noticed that from the second half of the358

20th century, air pressure is often recorded hourly, so that there is no need for interpolation.359

Furthermore, figure 6, in particular figure 6b, illustrates that the uncertainty intervals are not360

centered symmetrically around storminess values derived from the full set of observed pressure361

data. As the bootstrapping applied does not presume any underlying distribution for storminess362

values, but samples from a thinned number of observed pressure data, the confidence interval363

provides the range of possible realizations, including the observed value for storminess. Such a364

behavior does not necessarily mean that specific storminess quantiles are not normally distributed,365

however suggests that the true value for storminess might be shifted. From the same figure, we also366

see that even though storminess levels from observed pressure data are slightly higher in the early367

1990s than those found in the late 19th century, the 95 %-confidence intervals overlap. Such an368

overlap suggests that storminess levels would not be statistically different from each other, which369

we are able to confirm at the 0.05-significance level when testing whether the differences between370

the observed values are significantly different from 0 (not shown).371

The variability of the uncertainty on the seasonal scale is similar (Fig. 8) with notable differ-372

ences. The seasonal uncertainty is higher than the annual uncertainty. Here, a decreased seasonal373
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sample size leads to an amplification of the uncertainty, in particular in the years, for which the374

data availability is low per se (i. e. low number of stations with a high number of missing or375

erroneous observations). For instance, the uncertainty in the earlier years reaches values of up to376

2.3 for the 99th seasonal percentile time series (e. g. in JJA 1881), while the maximum value of the377

annual time series is 1.1. When all the stations are available and overall data availability is high378

(later years), the seasonal uncertainty is in the range of 0.5 to 0.7 (0.8 to 1.0) for the 95th (99th)379

lowpass filtered seasonal percentile time series and slightly higher for the unfiltered time series.380

The increase of uncertainty from annual to seasonal time scales indicates almost a doubling of381

uncertainty in storminess time series and puts less confidence in the estimates of seasonal storm382

activity in general, especially in the earlier years of the analysed period.383

When translating these uncertainty estimates from standardized values to physical units we make384

use of the derived values for the uncertainty and combine them with the standard deviations of385

the triangles. Using, for instance, a standard deviation of 1.10 m s−1, which is the standard de-386

viation of the 95th annual percentiles of storminess over the northernmost triangle Jan Mayen-387

Stykkisholmur-Bodø, an annual uncertainty of about 0.5 standard deviations (at 1940) translates388

to an annual 95 %-confidence range of 0.55 m s−1. For the triangle Torshavn-Aberdeen-Bergen,389

corresponding values would be 1.3 m s−1 (standard deviation) and 0.65 m s−1 (uncertainty range).390

On the seasonal scale, these values would be about twice as high. Alexandersson et al. (1998)391

suggested that errors in the pressure observations, time interpolation and sampling can result in392

errors of 2 to 5 m s−1 for the upper percentiles. Compared to their estimates, our uncertainty is393

an order smaller. Even though our bootstrapping approach assumes that at maximum 20 % of394

the data is missing and, on top of that, also considers missing data, the estimate of Alexanders-395

son et al. (1998) is more conservative and based on ad-hoc parametric estimates. In comparison,396

our analysis uses non-parametric means to robustly approximate the time-varying uncertainty of397
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northeast Atlantic storminess. Regardless of which uncertainty estimate proves to be more valid398

is not overly important as there is only one realization of storm activity, but it provides valuable399

information about the representativity of storminess values over time.400

4. Concluding remarks401

Earlier studies focussing on shorter reanalyses or other numerical products report increases in402

storminess in the Atlantic sector (for an overview, see Feser et al. 2015; Hartmann et al. 2013) due403

to a relatively short period in time. This initiated discussions about the potential impact of climate404

change on storminess. However, our long time series of northeast Atlantic storm activity helps405

to put the period of the 1960s to the 1990s with its remarkable increase in storm activity into a406

long-term perspective with storminess revealing multi-decadal variability.407

The link with the NAO is found to be medium to good for the whole period analysed, but is408

weakest in the 1930s indicating other modes of atmospheric variability to be present. Afterwards409

the link increases steadily to a stable connection characterized by a high correlation.410

The newly developed uncertainty estimates are highest in the early years and for the period411

1948-1956, for which there are no observations of the station Aberdeen available. Data quality and412

availability directly affect the uncertainty estimates resulting in a reduced uncertainty in periods413

with high quality data. Seasonal uncertainty is about twice as high than that of the annual time414

series as the decreased seasonal sample size amplifies the uncertainty.415

The increase of the 1960s to the 1990s and the following atmospheric stilling in northeast At-416

lantic storminess may already be a sign of changes expected to happen due to climate change417

(Hartmann et al. 2013; Chang 2018; Barcikowska et al. 2018), which would also concur with an418

eastward shift of the NAO centers of actions (Ulbrich and Christoph 1999). However, as recent419

studies highlight, the atmospheric circulation in the midlatitudes is dominated by internal variabil-420
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ity (Raible et al. 2014; Hanna et al. 2018) making reliable projections about the future state of the421

circulation currently infeasible.422
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APPENDIX431

Derivation of geostrophic storminess432

The approach of using geostrophic wind speeds to infer about the long-term climate of stormi-433

ness, first utilised by Schmidt and von Storch (1993), makes use of (simultaneous) triplets of434

pressure readings. The method, described in detail in Alexandersson et al. (1998), interpolates435

the mean sea level pressure observations p1, p2, and p3 over the area of the triangle determined436

through the set of station coordinates (x1, y1), (x2, y2), and (x3, y3). At each location (x,y) within437

the triangle, the pressure p is described as438

p = ax+by+ c. (A1)
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The coordinates x and y are given by439

x = Reλcos(φ), (A2)

y = Reφ , (A3)

where Re denotes the Earth radius, λ the longitude, φ the latitude. The coefficients a, b, and c in440

Equation A1 can be derived through solving the following set of equations.441

p1 = ax1 +by1 + c

p2 = ax2 +by2 + c

p3 = ax3 +by3 + c.

(A4)

The geostrophic wind speed is then calculated as442

Ugeo = (u2
g + v2

g)
1/2, (A5)

with443

ug =−
1

ρ f
∂ p
∂y

=− b
ρ f

and vg =
1

ρ f
∂ p
∂x

=
a

ρ f
, (A6)

where ρ is the density of air (set at 1.25 kg m−3) and f the Coriolis parameter, which is usually the444

average of the Coriolis parameter at each measurement site. The coefficients a and b denote the445

zonal and meridional pressure gradients. After having derived Ugeo at each time step, time series446

of geostrophic wind speed statistics can be obtained.447
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TABLE 1. WMO-number, country, name, coordinates, and observational period of the stations used. Numbers

in parentheses denote alternate identifiers used. For Denmark alternate numbers denote national climate iden-

tifiers 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 km away.

620

621

622

623

Number Country Name Longitude Latitude Period

01001 Norway Jan Mayen 8.67◦ W 70.93◦ N 1922-2016

01152 Norway Bodø 14.43◦ E 67.27◦ N 1900-2016

01316 (01317, 01311) Norway Bergen 5.33◦ E 60.38◦ N 1868-2016

03091 Great Britain Aberdeen 2.2◦ W 57.2◦ N 1871-2016

(missing 1948-1956)

03953 Ireland Valentia 10.25◦ W 51.93◦ N 1892-2016

04013 Iceland Stykkisholmur 22.73◦ W 65.08◦ N 1874-2016

06011 Faroe Islands Torshavn 6.77◦ W 62.02◦ N 1874-2016

06260 the Netherlands de Bilt 5.18◦ E 52.1◦ N 1897-2016

06051 (21100) Denmark Vestervig 8.27◦ E 56.73◦ N 1874-2016

06088 (25140) Denmark Nordby 8.48◦ E 55.47◦ N 1874-2016
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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 1948-1956)

Torshavn-Bodø-Bergen 1900-2016

Aberdeen-Valentia-Torshavn 1892-2016 (missing 1948-1956)

Bergen-Vestervig-Aberdeen 1875-2016 (missing 1948-1956)

Aberdeen-Valentia-de Bilt 1902-2016 (missing 1948-1956)

Aberdeen-Vestervig-de Bilt 1902-2016 (missing 1948-1956)

Valentia-Stykkisholmur-Torshavn 1892-2016

Jan Mayen-Stykkisholmur-Bodø 1922-2016

Torshavn-Nordby-Bergen 1875-2016
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TABLE 3. Simultaneous correlation between the NAO index and northeast Atlantic storm activity time series

for annual and seasonal scales for the period 1875-2016. Bold values denote correlations significantly greater

than 0 at a significance-level of 0.01.

624

625

626

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
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FIG. 1. Pressure observations from 10 stations have been used to derive geostrophic wind speeds from 10

triangles over northeast Atlantic and European regions following Alexandersson et al. (2000).
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FIG. 3. Standardized time series of seasonal 95th and 99th percentiles of geostrophic wind speeds averaged

over 10 triangles in the northeast Atlantic. Bold and dashed lines denote lowpass filtered time series. Note that

seasonal time series are standardized by the annual time series used to standardize Fig. 2.
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culated over a moving window of a 31-year time span. Correlations shown represent correlations for the 15

years prior to and after a particular year. The horizontal line at 0.3012 denotes the critical value for a correlation

significantly greater than 0 at the 0.05-level.
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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 lowpass-filtered time series as the

range of the 95 %-confidence interval.

682

683

684

685

42


