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Identification of cyclone-track regimes in the North Atlantic
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SUMMARY

A Langrangian-type climatology of North Atlantic cyclones is established based on the high-resolution Eu-
ropean Centre for Medium-Range Weather Forecasts data-set of the 1000 hPa height-field. First, an algorithm is
introduced to identify mid-latitude cyclones and cyclone paths with as few constraints as possible. Cluster analysis
of relative cyclone displacements yields three types of cyclone tracks characterizing stationary-, north-eastward-
and zonally-travelling storms. The internal Lagrangian statistics of these cyclone-track types reveal representative
life-cycles for central pressure and geopotential-height gradients and a power-law scaling behaviour of cyclone
displacements. Finally, a basic climatology of North Atlantic cyclone-track regimes is deduced in terms of a
time-series and circulation statistics.

KEyworps: Cluster analysis Cyclone classification Lagrangian climatology

1. INTRODUCTION

Meteorological observations are analysed to provide physical information concern-
ing, for example, the energy and momentum budgets of the atmospheric dynamics and their
properties in space-time or wavenumber=frequency domains. Another type of data analysis
is the phenomenological circulation statistics of structurally-stable processes, which are
related to real weather systems. The Grosswetterlagen in the European—North Atlantic
region and the British Isles weather (Lamb 1972; Hess and Brezowski 1977) have been
analysed ever since weather maps became available, and extra-tropical cyclones and their
tracks have been extracted subjectively (for example, van Bebber 1891; Hay 1949; Klein
1957) or automatically (Lambert 1988; Alpert et al. 1990; Hodges 1994; and others).
Both physical and phenomenological analyses describe the same processes and contribute
different aspects to them. Traditional and nonlinear time-series analyses complement the
phenomenological approach in the sense that, for example, scaling properties can be de-
duced, as Richardson (1926) did in his diffusion experiments using parsnips on the sea
surface. :

In this paper the phenomenology of mid-latitude cyclone tracks is revisited. Mid-
latitude cyclones form an integral part of the atmospheric climate system. They undergo
a life-cycle during which they follow more or less well-defined paths, defined as cyclone
or storm tracks. They are associated with rain-bearing frontal weather systems affecting
regional climates and in particular the water-cycle and the weather extremes.

There are two main areas in the northern hemisphere whose climate is dominated by
the influence of these synoptic-scale systems: the North Atlantic and European sector and
the North Pacific. The climate of the European area is characterized by the cross-Atlantic
cyclone track. In particular, the sensitivity of the tail-end of this cyclone track, which is
associated with the final stages of the cyclones’ life-cycles, dominates the weather and
climate variability over the European continent. About 70-80% of the winter precipitation
in continental Europe originates from about 15 frontal cyclones (Fraedrich ez al. 1986).
Storm tracks interact with the Atlantic Ocean and can be affected by distant atmospheric
events, like the El Nino in the tropical Pacific. Thus, climate variability and the variability
of the intensity and location of the dominating storm tracks are closely linked.

The purpose of this paper is to present a Lagrangian-type climatology of the North At-
lantic cyclones based on a high-resolution European Centre for Medium-Range Weather
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Forecasts (ECMWEF) data-set (of the 1000 hPa height field). Compared to the variabil-
ity analyses by standard Eulerian storm-track diagnostics which is based on filtered
geopotential-height variance, our approach explicitly considers the weather systems which
cause the variability.

First, an algorithm is introduced to identify mid-latitude cyclones and cyclone paths
with as few constraints as possible (section 2). Relative cyclone displacements obtained
by this algorithm are analysed to yield cyclone-track clusters (section 3). The internal
Lagrangian statistics within representative clusters are evaluated (section 3). Finally, the
North Atlantic cyclone-track regimes and their climatology are deduced to complete the
picture (section 4). The outlook (section 5) suggests model validation and inter-comparison
as possible future applications of the methods presented here.

2. DATA ANALYSIS: CYCLONES AND CYCLONE TRACKS

In order to ensure high reliability of the results obtained by a cyclone-tracking algo-
rithm, data with high temporal and spatial resolution are required. Therefore, we chose
the ECMWEF analyses, which are available at six-hour intervals and T106 horizontal res-
olution (about 1.1° x 1.1°), between 1990 and 1994. This data-set is relatively short but
it shows no distinct deviation from a long-term climatological mean with respect to the
traditional Eulerian variance measure given by the band-pass filtered 500 hPa geopotential-
height variance. The area selected for storm-track analysis spans the North Atlantic from
eastern North America to western Europe between 80°W-30°E longitude and 30°N—80°N
latitude; the winter seasons are extended from November through March, the first winter
being restricted to January—March 1990.

The cyclone-identification algorithm follows a standard approach (for example, Lam-
bert 1988; Bell and Bosart 1989; Alpert et al. 1990; Koenig et al. 1993; Ueno 1993) and
is designed as a minimal procedure consisting of only two steps: (1) A cyclone is defined
as a surface-pressure low and therefore identified as a local minimum of the 1000 hPa
geopotential-height reference field, z1000. This local minimum should occur within an
area covering 3 x 3 grid points (independent of latitude). (2) The only additional condition
on this minimum is a measure of intensity: a positive mean gradient of the z1000 height
is required in a 1000 x 1000 km? area about the minimum corresponding to the Rossby-
deformation scale. These rather weak conditions enable us to detect cyclones already at the
initial stage of the life-cycle. The requirement of a closed isobar in a synoptic region which,
for example, was used by Koenig er al. (1993) would preclude such weak phenomena.

Due to the high horizontal resolution of the data it is not necessary to introduce
a spatial interpolation scheme to define optimal sub-grid positions of cyclones, as was
necessary for Alpert et al. (1990) and Murray and Simmonds (1991). Maxima in the
vorticity are not considered because the structure of this field is too detailed and noisy
in high-resolution data. This leads to severe problems in a tracking procedure which are
not met in the geopotential field. However, the vorticity field appears to be useful for
lower resolution as described in the T21-analysis of Koenig et al, (1993) or in the T42-
analysis of Hodges (1994). One disadvantage of using the surface geopotential height
needs to be mentioned. Disconnected isobars may occur due to a large pressure gradient
superimposed by the large-scale flow (as illustrated in Fig. 1 of Sinclair 1994), although a
vorticity maximum is present. This is relevant in the initial small-amplitude phase of the
cyclonic activity. However, this effect is assumed to be weak at the surface and, therefore,
it is not considered in the cyclone-tracking procedure.

The trajectories are determined by a simple nearest-neighbour search in the preceding
z1000 field without assuming a preferred propagation direction and speed. A maximum
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Figure 1. Paths of cyclones with a minimum lifetime of T = 3 days (November 1990 to March 1991),

displacement velocity of about 80 km h™ restricts the range of motion, but this condition
is rarely needed. The method has been compared with a subjective analysis and reveals
identical results.

The trajectory X; of an individual cyclone j is a sequence of cyclone positions

[x;(2), y;(2)], for successive time-steps¢t =0, ..., T, observed at 6-hourly time-intervals
commencing at the initial detection
Xj - [xj(t = 0), yj(f = 0), =y Xj(f = T), yj(f = T)] (1)

Application of the identification algorithm to the five winters yields 449 cyclones
with a lifetime of 7 = 3 days and longer. The largest number is located around Greenland
and the Mediterranean Sea. Figure 1 shows the paths of all cyclones in the second winter,
November 1990 to March 1991. It should be noted that, due to the geographical area
being limited to the North Atlantic, cyclones penetrating the boundaries (near the end
or at the beginning of their life-cycle) may not exceed the T = 3 days threshold. Thus,
under-estimation of cyclone frequencies near the boundaries (over eastern North American
and western Europe) cannot be excluded. Since we are interested in the cyclones whose
life-cycles affect the climatology of the North Atlantic region, these boundary effects are
not considered.

3. CLUSTER ANALYSIS AND CYCLONE TRACK CLUSTERS

The trajectories X; of the individual cyclones are subjected to a cluster-analysis al-
gorithm to yield storm-track regimes which, after suitable sample averaging, characterize
cyclones of similar travel speed and direction. Cyclone locations relative to their initial
position, [x;(0), y;(0)], contain this information, whereas clusters averaged over abso-
lute positions provide nearest neighbours at preferred locations. Therefore, the relative
displacements,

d;(t) = [dx;(2), dy;(t)] =[x;(¢) — x;(0), y;(t) — y;(0)] 2

given in geographical distances, will be further analysed to extract regime-like behaviour.
This requires that all individual cyclones are represented by the same (minimum) life-
time T, D; =[d;(t =0), ...,d;(t =T)]. The remaining parts of the trajectories are not
considered in the cluster analysis. The threshold 7 = 3 days appears to be reasonable. A
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longer limit of the minimum lifetime reduces the number of cyclones thereby reducing the
statistical significance of the results. On the other hand the separation of different cyclone
tracks becomes less significant for shorter lifetimes. A more detailed discussion follows
later in this section.

Formally, a time trajectory of an individual cyclone can be interpreted as a single point
in a phase space of time-delay coordinates spanned by the consecutive cyclone displace-
ments, [dx(z = 6h), dy(t = 6h), ..., dx(t = T),dy(t=T)]. Accordingly, cyclone-track
regimes or clusters can be interpreted as ensembles of suitably weighted neighbouring
points in this phase space. The subsequent cluster analysis identifies such regime-like
behaviour in terms of cyclone displacements.

(@) Cluster analysis

The relative dx; and dy; coordinates are scaled by their respective standard deviation.
As the variance in zonal direction is larger, this normalization gives more weight to the
meridional displacements. The cluster analysis is performed by the K-means algorithm
(Hartigan and Wong 1979) using the numerical IMSL-library. The K-means algorithm
is usually applied as an optimizing procedure after agglomerative or hierarchical cluster-
algorithms have been applied. We choose this method because it provides a mathematically-
transparent and simply-applicable algorithm. For a given number, K , of clusters, this
method minimizes the sum, S, of the squared distances within the clusters

N M

8=3 % Gy~ Wps) 3)

i=1 j=1

Divided by N, this measures the average squared Euclidean distance of all relative cyclone
trajectories to their corresponding cluster centres in the time-delay coordinate phase space.
The index i counts the N cyclones, z denotes both scaled coordinates of the relative
displacements [dx, dy], the index j counts these variables with a total number M =24
(for 12 time-steps and two coordinate directions). The K-means algorithm modifies the
grouping k(i) (where k=1, ..., K) dynamically, that is by swapping points between
clusters, in order to find the minimum of S. For the k-th cluster, wy ; is the mean of the
variables z;

1
wk,j == Nk IEZC; za,_,! (4)
for the cyclones i in this cluster C. N; denotes the occupation number, which is the total
number of cyclones within C;.

The result of the K-means algorithm may depend on the initial seed because local
minima may occur. Therefore, the calculations are repeated 20 times using different seeds
out of the available set of relative trajectories and the global minimum was taken as the
result. However, local minima rarely occur (roughly 10%) and almost all of the seeds yield
the identical result which is then assumed to represent the global minimum.

Sensitivity experiments are performed with the cluster algorithm for different numbers
K of clusters and minimum lifetimes T of cyclones. Based on these results, the optimal
values for K and T are determined using meteorological considerations described below
in some detail. The algorithm is applied using a set of threshold values T =2, 3, 4 days
(minimum cyclone age affecting the trajectory length) and a number of clusters ranging
from K = 2 to 6. Selected results are shown in Fig. 2 presenting centroids in terms of the
mean relative displacements for each cluster (in units of 1000 km); meridional and zonal
error-bars denote standard deviations and are marked daily.



NORTH ATLANTIC CYCLONE-TRACK REGIMES 731

R TR 5

Eot 2 F 3

=y o r 7

S 1t - :

—of += 1 o} é

Sl ORISR '
0 2 4 0 2 4
= P S~ 3 e —

E b) :e] =

A 2 O

S 1 a i :

= 0F 0t ]

S I b i
6 2 4 0 2 4
e DX (1000km)

— % :

P —

81:_

2 1 5

o 0 =

Q1 ‘‘‘‘‘‘‘‘‘ .

L 2 4

DX (1000km)

Figure 2.  Centroids of the cyclone trajectories with a minimum age of T = 3 days for various cluster numbers:
(@) K =2, (b) K =3, (c) K = 4; the age-dependence is shown for cluster number K = 3 for (d) T =2 days and
(¢) T = 4 days. Error-bars are drawn daily and denote the standard deviation in zonal and meridional directions.

e For cyclones exceeding the T = 3 day lifetime threshold, K = 2 clusters reveal a nearly
stationary group of cyclones while the other group is composed of north-eastward travel-
ling storms (Fig. 2(a)). Obviously, the cluster analysis extracts quasi-stationary cyclones
which could have been eliminated before by using a subjective threshold value for the
maximum displacement. For K = 3 (Fig. 2(b)), the cluster of moving cyclones splits into
a north-eastward and a zonally propagating branch. The missing overlap of error-bars in-
dicates that a distinct separation of the groups has been attained. For K = 4 (Fig. 2(c)), an
additional cluster of slowly-northward-moving cyclones is created; this group is a mixture
of stationary and north-easterly cyclones emerging from K = 3. The cluster of zonally
propagating storms, however, is not altered by increasing K from 3 to 4.
e Now, the dependence on the cyclone age (T = 2 and 4 days) is evaluated, keeping the
number of K’ = 3 clusters fixed (Figs. 2(d) and (e)). Here, for T = 2, we recognize a distinct
separation of the cyclones clustering according to their direction of travel (Fig. 2(d)); these
patterns hardly change when analysing T = 3 and 4 days (Figs. 2(b) and (e)). Note that
the mean propagation-velocity in the centroids decreases with the lifetime of the cyclones;
this can be detected by the naked eye from the decreasing distances between error-bars set
at fixed time-intervals.

Corroborating these sensitivity experiments, the minimum age of T = 3 days and a
number of K’ = 3 clusters provide a distinct separation of cyclone tracks according to their
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propagation direction. The three clusters will be denoted as “stationary’, ‘north-eastward’
and “zonal’ cyclone-track regimes, which are further analysed in the following.

(b) Cyclone-track clusters

The actual geographical positions of the cyclones in the three clusters are presented in
Fig. 3 showing the stationary cyclones (Fig. 3(a)), the north-eastward-travelling (Fig 3(b))
and the zonal cyclones (Fig. 3(c)). The complete trajectories are plotted; their length is not
confined to the initial 7 = 3 day time-span.

The stationary cyclones are predominantly located around Greenland and in the
Mediterranean Sea. Note that in the southern North Atlantic a few cyclones occur which are
classified as stationary, because they behave like stationary cyclones during the first T = 3
days. Later in their life-cycle, however, they propagate like the typical north-eastward-
travelling cyclones. The north-eastward cyclones (Fig. 3(b)) are located in the region of
the North Atlantic storm track. The zonal cyclones originate in the same region as the
north-eastward ones, but propagate zonally towards England and Europe. It is notewor-
thy that the cluster analysis, successfully applied to cyclone displacements leads also to
geographically-meaningful cyclone-track patterns.

The occupation numbers are 254 (stationary), 123 (north-eastward) and 72 (zonal),
respectively (Fig. 4). After 3 days the occupation numbers decay approximately with the
same rate (0.6 per day) for all clusters. Independent of the cluster, the mean lifetime of the
cyclones is about 4.5 days.

4. INTERNAL VARIABILITY: LIFE-CYCLES AND POWER-LAW SCALING

The time evolution of physical-state variables and of geometrical-propagation param-
eters, like the relative displacements, characterize the internal variability of the travelling
cyclones comprised in a single cluster. This leads to a representative life-cycle and pro-
vides a power-law scaling behaviour of the cyclone paths, treated as diffusive elements in
a large-scale flow.

The life-cycle of baroclinic disturbances is more or less well-defined by the time
evolution of the minimum z1000 height and a representative z1000 gradient. These cluster-
averaged cyclone life-cycles are presented in Fig. 5 for the first four days of the time
evolution: cyclones of the north-eastward cluster show a pronounced life-cycle of both
the 21000 geopotential height (Fig. 5(right)) and its gradient (Fig. 5(left)). The zonally
travelling cyclones have a clear but weak life-cycle and the stationary cyclones show
none. As the number of cyclones decreases after the T = 3 days threshold these results
appear to be less robust.

The transport properties of turbulent geophysical flows are typically characterized
by anomalous diffusion (Fraedrich and Leslie 1989; Fraedrich et al. 1990, adopting the
Richardson diffusion experiment for tropical and mid-latitude cyclones; see Tsinober 1994,
for a review). Treating travelling cyclones as large-scale diffusive elements, they obey a
fractional power-law scaling of the time behaviour of the mean squared displacements
(normalized by appropriate standard deviations):

(dx?(2) + dy*(t)) ~ 19. ®)

The mean square displacement is calculated for the whole set of cyclones as well
as for the different clusters. Figure 6 shows power-law scaling of the total, zonal and
meridional displacements in log—log format: (dx? + dy?), (x2), (y?) for the upper, middle
and lower curves. The average of all cyclones yields g = 1.52, the north-eastward cyclones






























