
T. Schmith ( ) E. Kaas ) T.-S. Li1
Danish Meteorological Institute,
Climate Research Division,
Lyngbyvej 100, DK-2100 K+benhavn ", Denmark
E-mail:tsc@dmi.dk

Present address:
1Iowa State University,
Department of Geological and Atmospheric Sciences,
3018 Agronomy Hall, Ames, IA 50011,
USA

This paper was presented at the European Geophysical Society
General Assembly, Vienna, 21.—25. April 1997

Climate Dynamics (1998) 14 :529—536 ( Springer-Verlag 1998

T. Schmith · E. Kaas · T.-S. Li

Northeast Atlantic winter storminess 1875–1995 re-analysed

Received: 20 May 1997/Accepted: 13 January 1998

Abstract Northeast Atlantic winter storminess is ana-
lysed for the period 1875—1995 using a new dataset
consisting of multi-daily mean sea level pressure obser-
vations from a selected set of stations in the northeast
Atlantic. An analysis of storminess is presented, based
on the high-pass filtered signal from these observations,
from which selected percentiles are calculated for each
winter. This method avoids potential inhomogeneity
problems (artificial trends or jumps). Our finding is an
increase, however not a dramatic one, during the past
2—3 decades in the northeasternmost part of the storm
track, but the dominant features are inter-annual and
decadal variations. Furthermore, the variations in stor-
miness are found to be statistically linked to low-fre-
quency circulation variations represented by the winter
average of the MSL pressure field over the North
Atlantic. It is argued that the existence of this link could
have dynamical consequences for the response of the
atmosphere to external forcing.

1 Introduction

In the ongoing world debate about climatic changes
and possible human influences, the public has from

time to time been alarmed by bulletins coming from
widely different sectors of the society such as insurance
(Berz and Conrad 1994), offshore industry and non-
governmental organisations (Greenpeace 1994). Postu-
lated recent increase in frequency of meteorological
phenomena such as tropical hurricanes, wind storms or
storm surges are taken as signs of the weather becom-
ing more extreme. These messages often find their way
to newspaper headlines and therefore have great im-
pact on politicians and public opinion. However, they
seem problematic, based as they are on rumours, sub-
jective and inhomogeneous quantities such as ‘insur-
ance losses’ etc. and most often taking only the latest
5—10 y into account.

The question of trends in storminess in the North
Atlantic region may at a first glance seem trivial as
wind observations have been made on a routine basis
since the second half of the last century. We argue that
these wind data are, however, essentially unusable as
means to detect rather small trends, since the data are
subject to changes in observational procedure and to
changes in instruments and their surroundings. Within
the climatological community this type of time series is
regarded as inhomogeneous (Conrad and Pollack 1962).
Avoiding inhomogeneities was of decisive importance
in our choice of analysis method. Another difficulty
when detecting a trend is related to the length of the
observational record which must be long enough so
that the trend is not severely masked by natural cli-
matic variability.

At this point it may be appropriate to consider the
implications if a trend in storminess were to be detec-
ted. Recent published model simulations of increasing
CO

2
-content of the troposphere (Carnell et al. 1996;

Lunkheit et al. 1997) suggest an intensification and
eastward extension of the Atlantic storm track, i.e.
more storm activity in the northeast Atlantic/north-
western Europe, in the 2]CO

2
case compared to pres-

ent-day conditions. This, however, does not prove, that
an observed increase in this area is caused by increased



greenhouse effect. Changes in storminess are inter-
linked with changes in the general three-dimensional
structure of the atmosphere and such changes may just
as well be manifestations of internal variability in the
coupled atmosphere-ocean system. Therefore, our
analysis cannot in any way, point to the underlying
reasons for an observed trend.

Section 2 contains a review and discussion of earlier
investigations on the subject. Section 3 is a short de-
scription of the data and method used. In Sect. 4 the
analysis of storminess is presented, and in Sect. 5 vari-
ations in storminess are related to variations in the
background state by a statistical hindcast model. In
Sect. 6 dynamical interpretation of the statistical model
is given and in Sect. 7 the implication of the statistical
link is discussed further. The findings from the previous
sections are given in the concluding Sect. 8.

2 Earlier investigations of storminess in the North Atlantic

Several investigations have been published on storm
frequency in the North Atlantic region based on his-
torical weather maps. Schinke (1993) investigated the
annual number of lows from 1930—1991 and found
distinct temporal variations in the cyclone frequency
with a particularly distinct rise starting in the early
1970s. Stein and Hense (1994) investigated the number
of lows during winter (November—March) 1890—1993
and also found a large interannual variability in the
number of extreme lows. Their analysis revealed that
the years around 1970 were very quiet, followed by an
extraordinary upward trend. In particular winters since
1988/89 show a number of extreme lows never recorded
before. Lambert (1996) studied winter cyclone events
1899—1991 and found little trend in the number of
intense lows before 1970 but a sharp increase after
1970.

However, the methodology of such investigations
has been criticised for being inhomogeneous by von
Storch et al. (1993). They point out that over the last
100 years the number of merchant ships crossing the
Atlantic has increased. After the World War II about
10 ocean weather ships were stationed in selected posi-
tions throughout the North Atlantic for a long period.
These ships were later withdrawn, but in the 1960s
weather satellites and numerical models of gradually
improving resolution and quality were introduced.
Thus there is possibly a tendency to catch deeper and
deeper lows in the analyses, which were simply unsam-
pled in earlier times, but may still have been present. In
other words, the extreme values of the pressure are
inhomegeneous. Note that such inhomogeneities will
not be found in Trenberth and Paolino (1980), where
the monthly mean pressure data from a widely used
historical gridded dataset are tested and found mainly
homogeneous over the North Atlantic.

Historical records of wind observations are subject
to similar severe inhomogeneities and are not usable
for detecting trends. First of all instrumental measure-
ment of the wind did not begin until the 1950s. Before
that time wind observations were based on subjective
judgement of the wind force by observers, using the
Beaufort scale, however without any universally agreed
standard. Also the instrumentally based winds from the
1950s onwards are inhomogeneous due to replacement
of old instruments by more modern ones and by chan-
ges in the immediate surroundings of the measuring site
due to growing and cutting of trees etc. In practice it is
impossible to keep track of, not to mention correct for,
all these changes (Cardone and Greenwood 1990) and
therefore the literature contains hardly any analyses of
historical wind series over a 100 year period.

Schmidt and von Storch (1993) avoided in-
homogeneity problems by investigating the geostrophic
wind climate in an area in the southeastern North Sea.
According to this work, the geostrophic wind can be
taken as a proxy for the real wind and is proportional
to the strength of the horizontal pressure gradient. It
can therefore be calculated from pressure observations
only. Pressure observations are believed to be fairly
homogeneous, as they are almost independent of ob-
server and instrument. In their work the authors
calculated the pressure gradient from pressure obser-
vations reduced to mean sea level from three stations
separated by around 150 km and found no increase in
geostrophic storminess but rather a remarkable con-
stancy over more than 100 years.

The geostrophic triangle method has been extended
to the northeast Atlantic and Scandinavia by Alexan-
dersson et al. (1997), whose main findings were a slow
decrease in annual storminess from 1880 to about 1960
and from around 1970 an increase (in particular in the
northeast Atlantic) to levels at or above pre-1900 levels.
The picture found in Schinke (1993), Stein and Hense
(1994) and Lambert (1996) was thus in many respects
confirmed, although the winters around 1990 were
found not to be so extreme.

3 Method and data

The present work is based on pressure observations due to the
reasons discussed in the previous section. However, the geostrophic
wind approach could be questioned for the following reasons:
1. The Rossby radius of deformation for the atmosphere is of the

order of 1000 km, which is also the scale of an extratropical low.
Therefore, when resolving the wind on smaller scales, the ageos-
trophic effect may be important, i.e. the geostrophic wind may not
be a proxy for the real wind.

2. Different stations sometimes have different observation hours.
Therefore interpolation in time is needed which lead to uncertain-
ties and potential inhomogeneities (Schmith et al. 1997).

3. Inhomogeneities in the pressure series will be directly reflected in
the geostrophic winds.

To overcome these problems we have used high-pass filtered MSL
pressure as a measure of cyclonic activity, see Wallace et al. (1988)
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Table 1 Names and positions of the eight stations selected for the
investigation

Number Station Latitude Longitude

1 Ammassalik 65 °36@N 37 °38@W
2 Jan Mayen 70 °56@N 8 °40@W
3 Stykkisholmur 65 °05@N 22 °44@W
4 Torshavn 62 °01@N 6 °46@W
5 Aberdeen 57 °10@N 2 °06@W
6 Valentia 51 °56@N 10 °15@W
7 Bod+ 67 °16@N 14 °26@E
8 Bergen 60 °23@N 5 °20@E

Fig. 1 Map showing the geographical domain of interest. Positions
of the eight stations selected for the investigation are marked with
large dots. Gridpoints with monthly mean MSL pressure values used
in the statistical hindcast model marked by small dots

for a discussion of this measure. In our case, we applied a very simple
high-pass filter, namely the absolute value of the pressure tendency,
i.e. the change in atmospheric pressure during a given time span.
From synoptic experience this quantity is known to be connected to
cyclonic activity and is also discussed in Kaas et al. (1996).

The data, on which we base our investigation, consist of pressure
observations from eight carefully selected stations in the northeast
Atlantic. The main selection criteria are a long and unbroken obser-
vation record, preferably ranging back to the latter part of the
nineteenth century with 3—4 daily observations. A good spatial
coverage is also important. Details about the selected stations are
given in Table 1 and geographical locations are shown in Fig. 1.
Pressure data from these stations have been digitised and manual
quality control of extreme values was widely applied. The data is
part of a larger dataset published in Schmith et al. (1997).

Some of these stations have observation hours which are not
equally-spaced over the day and in some cases not even constant
over the period. Therefore 24-hour tendencies were calculated, i.e.
the absolute 24-hour change in pressure. This corresponds to ap-
plying a bandpass filter with 100% transfer at 48 h and 50% transfer
at 84 h and 32 h.

As the majority of storms occur during winter time the following
analysis is confined to the months December, January and Febru-
ary, giving a stastistical basis of about 300 observations per winter.

4 Results

Not only the study of mean values of ‘storminess’, but
rather the entire distribution of the pressure tendencies
for each winter is of interest. One easy way to get an

overview of this distribution is to consider the ex-
ceedance levels, defined as the lower bound of the x%
highest absolute pressure tendencies. In this analysis
three standard levels 50%, 10% and 1% will be con-
sidered. Since each winter’s length is approximately
2000 h, these three standard exceedance levels are, on
the average, each winter exceeded approximately
1000 h, 200 h and 20 h respectively.

The three standard exceedance levels are plotted
against year in Fig. 2. The most noticeable feature for
all stations is the large inter-annual variations, but also
considerable variations on decadal time scale are pres-
ent. This is emphasised by the low-pass filtered curves
also present in Fig. 2.

The main features of the storminess for each station
are as follows: Ammassalik shows decreasing stormi-
ness until around 1940 followed by a rather constant
level. Jan Mayen’s shorter record has a relatively con-
stant level throughout the period. Stykkisholmur’s
storminess shows a steep increase until around 1900
followed by an abrupt decrease and thereafter a rather
constant behaviour. Torshavn shows constant behav-
iour after about 1900 until around 1970, after which
a steady increase occurs. Aberdeen has a constant level
followed by a decrease after 1900 until around 1920,
from when the storminess rate is fairly constant. Valen-
tia is the only station that shows an increase through-
out the century. Bod+ shows a constant level until
around 1970, followed by an increase. The same de-
scription holds for Bergen.

Thus the temporal changes of storminess are differ-
ent at the individual stations, and any common trend
or variation is hard to detect. The most remarkable
feature is the 15—20% increase in storminess seen since
around 1970 observed at Torshavn. This increase is
also reflected in the Bod+ and Bergen records but,
surprisingly, not in the Aberdeen record.

5 Relation between storminess and mean circulation

The interdependence between changes in the cyclone
track and low frequency variability of the atmospheric
state has been subject to several empirical studies, e.g.
Lau (1988) based on the 500 hPa height field. We
wanted to carry out a similar analysis. However, only
MSL fields are available dating back to the previous
century. Thus the mean monthly MSL pressure field
has been used to represent the large-scale atmospheric
state in the following section.

The method applied was a multilinear regression
technique applied to each station separately, where
the storminess exceedance levels for each winter (the
predictand) were linked to winter means of the mean
MSL pressure field from the area 40 °N—70 °N and
60 °W—20 °E (predictor field, area indicated on Fig. 1).
These latter data were available on a 5]5 degree grid
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Fig. 2a–h Plots showing the three standard exceedance levels for each winter (DJF) for the eight stations. The thick curves are obtained by
applying a Gauss-filter with a standard deviation of 3 y, corresponding approximately to a running mean with 10 y window length
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Table 2 Correlation coefficients between observed and hindcast
time series for the selected stations and for the three standard
exceedance levels, calculated on independent data as explained in the
text

Number Station Correlation coefficient

50% 10% 1%

1 Ammassalik 0.74 0.68 0.34
2 Jan Mayen 0.74 0.70 0.48
3 Stykkisholmur 0.82 0.72 0.41
4 Torshavn 0.80 0.73 0.48
5 Aberdeen 0.66 0.65 0.48
6 Valentia 0.66 0.61 0.45
7 Bod+ 0.76 0.74 0.55
8 Bergen 0.70 0.68 0.54

for the winters 1900—1995 from NCAR as dataset
ds010.1 (Trenberth and Paolino 1980).

To avoid intercorrelations a filtering of the predictor
field was performed, based on standard EOF-de-
composition. The time series of coefficients in this ex-
pansion are called principal components (PCs), a

i
(t),

and are found by projecting the mean pressure anom-
aly field for each winter, p@ (rl , t) onto the EOFs, e

i
(rl ). In

order to minimise noise, only the first 4 PCs (corres-
ponding to the most significant EOFs), explaining 85%
of the variance, were retained. Mathematically, we have

p@(rl , t)"
4
+
i/1

a
i
(t) ) e

i
(rl ) (1)

The most significant EOF explains 41% of variance
and is a pattern connected to the North Atlantic Oscil-
lation (NAO) index (Walker and Bliss 1932).

The 4 PCs were then used as predictors in the statist-
ical model. This model for one of the three standard
exceedance levels, s, mathematically may be written as

s(t)"s1 #
4
+
i/1

b
i
) a

i
(t) (2)

where s1 is the time-average of the exceedance level and
b
i
is the coeffficient determined in the regression analy-

sis. The model was used in connection with a cross-
validation technique so that when hindcasting a par-
ticular year, the predictors from that year and from the
neighbouring years was omitted. This is in order to
base the hindcast on independent data. The entire
model is very similar to the one used in our earlier work
(Kaas et al. 1996).

The correlation coefficients between hindcast and
observed values are shown in Table 2 for all 8 stations.
The 50% level values have the highest values
(0.66—0.82), but the 10% level values are hindcast with
almost as good a performance (0.61—0.74). In contrast,
the 1% level values are hindcast with somewhat poorer
performance (0.34—0.55). The highest values of the cor-
relation coefficient are found for the stations Styk-

kisholmur and Torshavn, which are both close to the
North Atlantic storm track. As an example, the ob-
served and hindcast time series for Torshavn are shown
in Fig. 3, which shows that the model reproduces the
observed values quite well. In particular we note that
the increase in storminess from around 1980 can be
explained by the model to a large extent.

6 Optimal predictor maps

In order to increase our physical understanding of the
hindcast model, optimal predictor maps (OPMs) have
been introduced, see also Kaas et al. (1996). Using the
OPM is an alternative way of formulating the hindcast-
ing model. The OPM itself has a very simple interpreta-
tion, it is the predictor pattern which results in one
standard deviation increase in the predictand. A tech-
nical description of calculating OPMs is in the Appen-
dix.

We found that the OPMs corresponding to one
station (one for each exceedance level) are very similar.
This is quite satisfying, since it supports the idea that
the entire distribution of the pressure tendency is a
manifestation of a general process, namely variations in
the general structure of the atmosphere. Furthermore,
OPMs for neigbouring stations are also similar. As an
example, OPMs for the 10% exceedance level for the
stations Torshavn and Bergen are shown in Fig. 4.

For the stations Stykkisholmur, Torshavn, Bod+ and
Bergen the OPMs have similarities: they are all bipolar
structures with a negative pole over northwestern
Scandinavia and a positive pole in the Biscay area.
That means that the patterns associated with stormi-
ness in the northeastern Atlantic are significantly differ-
ent from the NAO pattern. The reason for that is not
known, but the finding is in agreement with Rogers
(1997). Stations Aberdeen and Valentia have somewhat
different patterns: the negative pole is shifted towards
southwest. For stations Ammassalik and Jan Mayen
the negative pole is displaced towards Greenland.

7 Further discussion of statistical model

A suitable framework for discussing extratropical cyc-
lonic activity is the simplified Eady-wave theory by
Lindzen and Farrel (1980). According to this, the e-
folding time of the fastest growing wave p

.!9
, is given

by

p
.!9

"0.3125]
f
N

du
dz

"!0.3125]
R
N

+¹ (3)

where we have used the thermal wind relation in the
last transcription. In these equations f is the Coriolis
parameter, R is the gas constant for atmospheric air,
N is the Brunt-Väisälä frequency, u is the zonal wind
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Fig. 3a–c Plots of observed (solid curve) and hindcast (dashed curve) standard exceedance levels a 50%, b 10% and c 1% of the absolute
pressure tendencies for each winter 1900—1994 for station 4: Torshavn. Note the different ordinate axes on the three sub-plots

Fig. 4a–b OPM corresponding to the 10% exceedance level for the stations a Torshavn and b Bergen. Contour interval is 1hPa and negative
coentours are stipled

and +¹ is the meridional temperature gradient (all
calculated from the basic state). Hoskins and Valdes
(1990) showed that p

.!9
calculated from winter clima-

tological fields reproduced the observed storm track
quite well and Hall et al. (1994) and Lunkeit et al. (1996)
used p

.!9
for estimating changes in storm tracks in

CO
2

scenario experiments.
The synoptic activity is therefore expected to be

determined by +¹ and N. Thus, in relation to our
statistical model we have two possibilities: (a) N and
+¹ are given entirely by the MSL pressure field, in
which case the residual time series, i.e. the time series of

hindcast values subtracted from the time series of ob-
served values, is a realisation of a white noise process,
or (b) N and +¹ not uniquely given by the MSL
pressure field, but other predictors are neccesary. For
instance, CO

2
-enhanced greenhouse effect may have

changed N systematically throughout the century. In
the latter case the residual time series is not a realisa-
tion of a white noise process.

The test for case (a) versus (b) is made by applying the
white noise test described in Jenkins and Watts (1968).
In this test also significance levels, based on the Kol-
mogorov-Smirnov test are given. We applied this test
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to all our 8]3 residual time series and found all these
to be consistent with realisations of white noise pro-
cesses at the 95% significance level.

The statistical test of the residual time series shows
an advantage for case (a). This does not exclude any
external forcing of the atmosphere, but indicates that
the relations between synoptic and larger scales are
very robust and therefore likely to be unchanged under
different forcings of the atmosphere.

8 Conclusions

By applying a commonly used high-pass filter to pres-
sure data in multi-daily temporal resolution from eight
stations in the northeast Atlantic a homogeneous rep-
resentation of the storminess in the area during the
period 1875—1995 has been obtained.

From the analysis it is evident that some increase in
storminess has taken place during the past 2—3 decades
in the northeast Atlantic storm track. These results
cannot be compared directly to earlier investigations
based on historical weathermaps, however, it seems
likely that some of these latter investigations are affec-
ted by inhomogeneities, in particular around 1990.

Furthermore, the variations in storminess have been
shown to be statistically linked to low-frequency vari-
ations in the atmospheric circulation in a robust man-
ner, that remains the same over the entire period of
investigation. This has an important consequence for
the atmospheric dynamics, because it implies that if
changes in forcing with impacts on storminess have
occurred, these have not manifested themselves directly
in the rates of storminess. Their effect has been indirect
through changes in the low-frequency variations which
then again have influenced storminess. In other words
our findings show that there is a tendency to preserve
the relation between low-frequency and high-frequency
variations.

Appendix

Calculation of optimal predictor map

In the decomposition given by Eq. (1), there is a normalisation
freedom. In our application we have normalised the PCs to unit
standard deviation. That means that the variance (and units) are
included in the EOFs. Introducing the inner-product notation for
two spatial fields u and v given on grid points i"1,2, N on
a regular grid as

u, v"
N
+
i/1

u
i
v
i
w
i
,

where w
i
is a weight function varying as the reciprocal cosine to

latitude to account for varying distance between grid points, the
normalisation of the EOFs can be written as

Se
i
, e

j
T"p2

i
) d

ij
.

The statistical regression model (2) can now be rewritten in non-
dimensional form as

s!s1
ps

"

+4
i/1

b
i
a
i
(t)

(+4
i/1

b2
i
)1@2

(A1)

where s1 and ps the mean and standard deviation of the predictand.
We want to define the optimal predictor map (OPM), given as

a linear combination of the EOFs

W"

4
+
i/1

c
i
e
i

(A2)

and fulfilling the condition

s!s1
ps

"

1

A
SW, p@T (A3)

where A is a normalisation constant to be determined later.
Inserting the expansion (A2) into (A3) and comparing with (A1)

we obtain

c
i
"A

1

p2
i

b
i

(+4
j/1

b2
j
)1@2

, i"1,2 , 4. (A4)

Finally, we want to determine the coefficient A, so that an anomaly
p@"W correspond to one standard deviation increase in the pre-
dictand, i.e. we want

SW, WT"A . (A5)

By inserting (A4) in (A2) and (A2) in (A5) one produces

A"

+4
i/1

b2
i

+4
i/1 A

b
i

p
jB

2
(A6)

and by combining (A6) and (A4) we obtain the final expression for
the expansion coefficients

c
i
"

(+4
j/1

b2
j
)1@2

+4
j/1A

b
j

p
jB

2

b
i

p2
i

, i"1,2 , 4. (A7)
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