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ABSTRACT

The quality of cyclone tracks associated with model output of various resolutions is determined using a high-
resolution dataset (1.125° X 1.125° 2 h) mapped to different spatial (triangular truncations, T21, T42, T63,
T84) and temporal resolutions (4 h, 6 h, 12 h, 18 h, 24 h). Three sets of comparisons are performed to study
the impact of increasing (i) temporal, (ii) spatial, and (iii) spatiotemporal resolutions (T21/24 h, T42/12 h, T63/6
h, T84/4 h). The different *‘test’” resolutions are compared with a *‘perfect” reference dataset of optimal res-
olution. A general method to quantitatively compare two sets of tracks is developed. For a given test dataset,
this method yields the ratio of perfect tracks (which are also identified in the reference set) and the ratio of
missing tracks (present in the reference set, but missing in the test set). In 24-h data (T42) only about 45% of
the cyclones can be identified with cyclones in 2-h data (73% in 12 h, 85% in 6 h).

1. Introduction

Automatic tracking of cyclones has become a com-
mon tool in meteorological data analysis (Alpert et al.
1990; Murray and Simmonds 1991; Haak 1993; Konig
et a. 1993; Ueno 1993; Hodges 1994; Blender et al.
1997; Sinclair 1997; Schubert et al. 1998; Sickmoller
et al. 2000). Cyclonetracksyield the locations of storms
and precipitation, and modifications of the mean tracks,
caused either by anthropogenic causes or by along-term
natural variability, have strong influences on regiona
climates. The use of numerical tracking algorithms is
necessary because of the large amount of data and the
need for the objective detection of changes in climate
studies. Tracking algorithms are able to identify tracks
of other meteorological objects as well, like clouds or
water vapor anomalies, which yield information on the
transport by wind fields. Although the methods and the
results presented here pertain to any kind of extremain
fields, cyclones are used throughout.

Our experience reveal ed the enormous dependence of
cyclone tracks on the quality of the datasets (Schubert
1996; Wilshusen 1996). Thereis considerabledifference
between tracks identified in high resolution, for exam-
ple, T106 (1.125° X 1.125°), 6-hourly separated data,
and in low-resolution data, for example, T21 (5.625° X
5.625°%), with a 24-h time spacing. The tracking is dif-
ficult in high spatial resolutions since the number of
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cyclones is high, and in low temporal resolutions be-
cause the search areas that have to be scanned are large.
These problems may be less relevant in subjective an-
alyses (e.g., Klein 1957) where the manifold meteoro-
logical knowledge on the dynamics allows one to iden-
tify cyclones and their tracks also in data with high
temporal intervals. This knowledge is typically not
available to automatic routines. Clearly, the tracks de-
pend on the tracking method (Sinclair 1997) and on the
meteorological fields used, for example, the pressure or
the vorticity.

The aim of the present paper is to investigate objec-
tively the quality of cyclonetracksin datawith avariety
of spatial and temporal resolutions. Theresult isaguide-
line to estimate the number of correct and missing tracks
in a given dataset. The basisis a high-resolution (T106,
2 h) dataset that is mapped on coarser resolutions. The
tracks are extracted using a nearest-neighbor search
method applied in previous studies (Blender et al. 1997,
henceforth referred to as BFL; Schubert et al. 1998).
The quality of tracks in the given ““test” dataset is ob-
tained by the comparison with a high-resolution ‘‘ref-
erence’”’ dataset, which is assumed to produce perfect
tracks. The comparison between the two sets of tracks
is performed by the identification of associated pairs of
tracks in the sets using a distance measure for tracks
(mathematically a metric that considers spatial as well
as temporal distances of curves). The number of these
pairsyields an objective measure for the overlap of both
sets, and hence a measure for the quality of the tracks
in the given (test) data. Subjectively determined tracks
are not included in this study because these data depend
on the particular human experience. A climatological
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TasLE 1. Number N, of zonal grid points and resolution A¢ (in
degrees) for different triangular wavenumber truncations.

T21 T42 T63 T84 T106
Ny 64 128 192 256 320
A¢ 5.625 2.812 1.875 1.406 1.125

approach is not pursued because too much statistical
information is necessary to cover the information given
by the individual tracks.

In section 2 the dataset and in section 3 the cyclone
tracking algorithms are described. Section 4 contains
the derivation of the method to compare two sets of
tracks. In section 5 the results for several comparisons
are presented. The results are summarized in section 6
and discussed in section 7.

2. Data

The data basis is the output of a simulation with the
Hamburg climate model ECHAM4, using the Atmo-
spheric Model Intercomparison Project SST between
October 1992 and March 1993 (Roeckner et al. 1996).
The spatial resolution of the data is given by the tri-
angular wavenumber truncation T106, and the time in-
terval is 2 h. To determine the cyclone positions, the
1000-hPa geopotential height (z1000) is used. The anal-
ysis is global and restricted to the winter season (De-
cember, January, and February). The data are mapped
to different lower spatial resolutions shown in Table 1,
where N, is the number of zonal grid points (the number
of meridional grid points is N,/2) and A¢ is the reso-
lution in degrees. Data for the low-resolution grids are
linearly interpolated.

3. Cyclone track search

The cyclone positions are defined by local minima of
the geopotential height (z1000) of the 1000-hPa surface
considering the neighborhood of eight grid points. Ad-
ditionally, in order to locate intense vortices, aminimum
value g,,,, for the mean gradient of z1000 in a synoptic
neighborhood is required. The threshold used in this
study is g, = 100 m (1000 km)~*, which corresponds
to roughly 12 hPa (1000 km)~* This value restricts the
analysis to intense extratropical storms. The minimum
lifetime of the cyclones is 3 days. The tracking method
used has been applied in studies of observed cyclone
tracks (BFL) and in the analysis of a scenario experi-
ment (Schubert et al. 1998).

Tracks are constructed by a nearest-neighbor search
in the preceding data field around a cyclone position.
The search range extends up to a width, which corre-
sponds to a speed of roughly 100 km h=*in 6 h. How-
ever, midlatitude cyclones show a nonlinear growth of
the mean square displacement of (BFL)
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Fic. 1. Search range (at the equator) according to Eq. (2) vstime
step for different spatial resolutions (wavenumber truncations) asin-
dicated.

with an observed exponent k = 1.5. Therefore, it is
assumed that the search range s in zonal grid points
grows with the time interval dt*5?

o = Mo (dfeto)o
64 cosp

where dt, = 6 h and N, is the number of zona grid
points. The rounded whole value of s is used, and a
minimum value s = 1 is required. The zonal search
range (in grid units) increases poleward with the latitude
¢ to account for the decreasing longitudinal distance of
grid points. Figure 1 shows the search range at the equa-
tor for the different spatial resolutions. In T21 (N, =
64) and dt = 6 h, (2) yieldss = 1 at the equator, whereas
for dt = 24 h, the range reaches only s = 3, and not s
= 4 asin alinear growth.

The growth (2) of the search range islower than linear
and has therefore an important and useful impact on the
tracking. A major problem in the tracking is caused by
the number of cyclones within the search region; the
larger this number, the more difficult it is to connect the
cyclones to correct tracks. This number is proportional
to the density of cyclones and to the search area, which
grows according to (dt)** here. In alinear growth for-
mula, the search area would be larger, proportional to
(dt)2, and the attribution would be more difficult.

The search range extends s grid points eastward and
westward (2s + 1 points for the total width). In the
meridional direction, the search range is smaller, (2s +
1)/2, that is, slightly more than half of the zonal range.
However, an increase of the meridional search range up
to the zonal range does not alter the resultsfor thetracks.
The search is applied backward in time, scanning the

(rounded), g= 075 (2
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search area around the cyclones. The search starts with
zero shell width, which increases for all cyclones si-
multaneously until the search range sis reached. There-
fore, the nearest cyclone in the preceeding field is at-
tributed, and stationary cyclones are detected first. The
results of the algorithm are in agreement with those of
a subjective analysis (Schubert 1996; Wilshusen 1996).

4. Track comparison method

In the present study, two sets of tracks obtained by
the search algorithm in the section above have to be
compared. One set is the reference set with tracks de-
termined in the data with optimal resolution (e.g., dt =
2 h), and the other set is a test set. Since the reference
set isassumed to be perfect, the agreement between both
sets is a measure of the quality of the tracks in the test
set. The approach is Lagrangian and compares individ-
ual tracks, whereas an Eulerian approach would com-
pare densities of tracks and other derived fields. The
Lagrangian approach is chosen because it is difficult to
capture the complete Lagrangian track information by
an Eulerian statistic. Furthermore, the number of cy-
clones within one winter season is too low to determine
a conventional Eulerian cyclone climatology. The sets
correspond to either different spatial and temporal res-
olutions, or both. The task faces several problems: (i)
the numbers of tracks may be different in the two sets,
(ii) theindividual tracks are defined on grids of different
spacings, and (iii) the cyclones may occur at nonover-
lapping time steps. In the following, an objective way
to measure the agreement of two sets of tracks is pre-
sented. First, a method to measure the distance between
two individual tracks out of two sets is derived. Based
on this, the two sets are compared and the degree of
correspondence is quantified.

a. Distance of two tracks

A distance (mathematically a metric) for two tracks
is required, which, in general, are detected on different
grids and time steps, and also may start and end at
different times. There is even no need for a temporal
overlap of the two tracks.

A track is defined as a sequence {x(a), y(a), t(a)} of
positions x, y and times t with theagea = 0, ..., A,
A being the total lifetime. The time-dependent positions
{X(t), (1)} are determined by the cyclone tracking al-
gorithm and are related to this sequence by {X[t(a)] =
x(a), Y[t(a)] = y(a)}. A second track will be denoted
by primed quantities, {x'(a’), y'(@’), t'(a")}, and a' =
0, ..., A" with the lifetime A’. In the calculation, con-
tinuous values for the tracks are assumed, the extension
to discrete time steps used in the analysis is straight-
forward.

The variance spanned by the two tracks is given by
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1 A A
0%, = m J da f da’
0 0

X {a([x(@ — x'(@)]* + [y(@) — y'(@)]?)
+ Bt(a) — (@))% ©)

The factors « and B determine the weights of spatial
and temporal distances. To obtain physically equivalent
weights, typical valuesfor the distance Ax and the time-
scale At, are introduced, and a balance between the two
sums in (3) is assumed

aAx? = BAt2. 4
Based on a typical speed, U = AX/At, the ratio is
Uz = Bla. (5)

The numerical calculations use the synoptic velocity
scae, U =10ms?* and a = 1.

The variance 0%, is not yet suited as a measure for a
distance because o, does not vanish for identical tracks,
o, # 0. Hence, the distance D, is defined

D2 — i
12 AA;
where the ** self-variances,” o2 and o3,, are subtracted.
This distance fulfills the conditions for a metric: it is
positive for any different pair, and it vanishes for iden-
tical tracks. The mean age \/AA’ is introduced in D,
becauseit isdesirable that D,, decreases with increasing
total length (age), if a constant deviation between the
two tracks is present. Thus, a deviation between long
tracks is less relevant in D,, than the same deviation
between shorter tracks.

The spatiotemporal distance D,, is an objective mea-
sure of the deviation of two tracks, and it is applicable
in situations with different grids and different obser-
vation times. Not only spatial discrepancies contribute
to D,,, but also different genesis or lysis times of the
two cyclone observations. If the same meteorological
cycloneisidentified in datasets with two different grids,
there is a (small) contribution to D,, because the de-
viations of the grid points constrain the tracks to dif-
ferent positions (the same argument pertainsto different
observation times).

0% — 5(0'121 + 03)| (6)

b. Agreement between two sets

To measure the agreement between two sets of tracks,
corresponding tracks are identified using the distance
D,, (6) between two individual tracks. The tracksin the

reference set 1 are counted by i, = 1, ..., N, with the
total number N,, and the tracks in the test set 2 by i,
=1, ..., N, with the total number N,. First, set 1 is

scanned and for every i, thetrack i, in set 2 is searched
with the minimum distance. This yields a table i, =
I,(i,), which contains the tracks of the next neighbors
i, of every i,.
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Then, vice versa, set 2 is scanned and the nearest
neighbor tracks i, in set 1 are searched. Thus, the table
I,(i,) is obtained, defining the tracks in the first set with
a minimum distance to the tracks i, in the second set.
Note that there is no need for these two tables to be the
inverse of each other, simply because the numbers of
tracks N, and N, are not necessarily equal.

These two comparisons allow one to identify those
pairs of tracks that form one-to-one pairs (i,, i,), sat-
isfying i, = 1, [1,(i,)], or equivadently i, = 1, [I,(i,)].
These pairs consist of tracks that form unique neighbors
in both sets. The number N, of these pairs is a measure
for the overlap of the two sets. From a meteorological
point of view, this method identifies the two tracks in
the two datasets that correspond to the same cyclone.
The remaining tracks have neighbors in the other set,
which are paired with different tracks. Clearly, the num-
ber N, of pairsis restricted by the minimum of N, and
N,. The absolute value of the distance D,, of a pair is
not relevant, but pairs identified in this way have typ-
ically low distances, and the study showed that the in-
troduction of a reasonable upper limit does not alter the
result significantly. Therefore, the method has the ad-
vantage that it is free of tunable parameters. In the com-
parisons, the first set is the reference set determined in
an optimal resolution, for example, with the smallest
time step dt. The second set is the test set with tracks
obtained in a lower resolution.

If tracks in a given dataset (the test set) with a par-
ticular resolution are determined, the following ques-
tions arise:

1) How many of the detected cyclones in the test set
agree with a (correct) track in the reference set?

2) How many of the (correct) cyclonesin the reference
set are not detected in the test set?

Based on the result given by the numbers N,, N,, and
N,, two normalized parameters are derived.

The first parameter gives the answer to the first ques-
tion: p, is the probability of coincidence for atrack in
the test set to agree with atrack obtained in the (perfect)
reference set. The probability p, is given by the ratio
of the number N, of pairs and the number N, of tracks
in set 2:

pa = Np/NZ' (7)

This probability p, is between p, = O, if al test tracks
are completely wrong, and p, = 1 if all test tracks can
be identified with a perfect track. Therefore, p, is a
measure for the quality of the identified tracks.

The second question is answered by the second pa-
rameter, the ratio of tracks that are not identified in the
test set, but are present in the reference set

N, - N,
m N2 ’

r

(8)

wherer ., istheratio of missing tracks (compared to N,).
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For example, r,, = O denotes that no perfect track is
missing in the test set. Any value r,, > 0 means that
perfect tracks are not present in the test set. Thereisno
upper limit for r,. The second parameter r,, isnecessary,
because for a small number N, of tracks in the test set
(N, < N,), al of these could be identified with a perfect
track (p, = 1), but a large portion of reference tracks
could be absent.

c. Sources of deviation

Several problems arise when two sets of tracks in
different resolutions are compared (this pertains to any
tracking method). These error sources can lead to a se-
vere underestimation of the number of reliable tracks.

1) Equality of numbers: Clearly, the numbers of tracks
in the sets should be approximately equal in order
to obtain a satisfactory agreement. Unfortunately,
thisis not necessarily trueif extremely different tem-
poral or spatial resolutions are involved. In general,
high spatial resolutions and low temporal resolutions
yield high numbers of cyclones.

2) Lifetime: Typically, one uses a minimum threshold
for the lifetime of tracks (here 3 days are required).
A source of error isthe cancellation of atrack failing
this threshold in one set, but not in the other one.
This happens frequently if the minimal ages cannot
be exactly equal in different temporal resolutions.
Since the frequency of tracks depends severely on
the minimum lifetime, thisis amajor source of error.

3) Distance: In some studies, a minimum traveling dis-
tance is required to eliminate quasi-stationary cy-
clones, which occur mainly in high spatial resolu-
tions. Another aim could be the elimination of sys-
tems caused or trapped by the local orography. This
distance threshold is a source of error similar to the
minimum lifetime condition, that is, a track may be
below the minimum distance in one set, and above
in the other set.

4) Absence of cyclones: If a high temporal resolution
is compared with a low temporal resolution, it is
possible that a cyclone is not detected at a time that
does not occur in the low resolution. This happens
in the initial and the decay phases, when cyclones
are weak. The cyclone track is interrupted in the
higher resolution and might be canceled due to the
minimum lifetime condition. On the other hand, one
part of the interrupted track could be identified cor-
rectly, the remaining part would be considered to be
wrong. The same argument applies to different spa-
tial resolutions, because a cyclone might not be de-
tected at a certain time step in a low spatial reso-
[ution.

5) Wrong attribution: For large time intervals dt, the
search areas increase to find the relevant cyclone,
but the chance for a wrong detection increases at the
same time. Thisis why larger numbers of tracks are
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Fic. 2. Overview of the three comparisons: temporal (circles), spa-
tial (squares), and spatiotemporal (stars). The reference resolutions
are T42/2 h for the temporal, and T106/2 h for the spatial and the
spatiotemporal comparisons.

generated by models with lower temporal resolu-
tions.

5. Results
a. Organization of the comparison

To restrict the analysis to some relevant cases, the
following comparisons are performed (see Fig. 2 for an
overview).

1) Temporal: Tracks obtained in data with increasing
time intervals dt = 4, 6, 12, 18, and 24 h are com-
pared with dt = 2 h reference data (Fig. 2) where
the spatial resolution T42 is constant. T42 is chosen
because it is sufficient to resolve midlatitude cy-
clones.

2) Spatial: Tracks obtained in the resolutions T21, T42,
T63, and T84 are compared with T106 as the ref-
erence (Fig. 2); the time interval being dt = 2 h.
The optimal temporal resolution dt = 2 h is chosen
to avoid errors due to wrong attributions. The results
for dt = 6 h are mentioned.

3) Spatiotemporal: To investigate the influence of in-
creasing storing capabilities, earlier low resolutions
are compared with modern high resolutions. Datain
T21/24 h, T42/12 h, T63/6 h, and T84/4 h are com-
pared with T106/2 h as the reference (Fig. 2). This
consistent decrease of spatial and temporal scalesis
also physically relevant.

For each comparison there is a reference track set (set
1), having optimal spatial and temporal resolution, with
which the other resolutions are compared (set 2). The
number of tracks varies between 100 and 200 and yields
reasonable, although not perfect, statistics.

Clearly, these comparisons cannot answer all possible
guestions on the relations between two resolutions.
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However, the results for small differences of resolutions
(nearby time intervals and grids) can be estimated by
the comparisons presented below.

b. Temporal analysis

To determine the improvement that can be obtained
by reducing the time step, a purely temporal analysisis
performed. Throughout this part of the study, the spatial
resolution T42, since thisis sufficient to represent mid-
latitude cyclones. Datasets with dt = 2-, 4-, 6-, 12-, 18-,
and 24-h resolution are produced and the cyclone tracks
are determined in each dataset. Figure 3 showsthetracks
on the Northern Hemisphere for (a) the dt = 2 h, and
(b) the dt = 4 h resolution datasets. The numbers of
tracks are (@) 61 and (b) 65 in this region (the complete
global dataset is used in the analysis). The tracksin the
dataset with dt = 2 h are used as reference (set 1) with
which all other sets of tracks are compared. The results
of the comparison with the dt = 4 h data are shown in
Table 2 (thedt = 2 hvaluesareincluded for orientation).

The number (N,) of test tracks increases with dt.
Therefore, the parameter p, (7) decreases not only due
to lower values N, of optimal tracks, but also due to
higher N,. The first comparison, dt = 2 h with dt = 4
h, yields the relatively low value p, = 0.94. A mgjor
source for the deviation from p, = 1 is the minimum
age condition as discussed above. The probability p,
decays with increasing time interval dt, and for dt =
24 h, less than half (p, = 0.45) of the detected tracks
can be associated with atrack in dt = 2 h. The equality
of r,,=0.12fordt = 6 h,and dt = 12 his a statistical
coincidence. Both ratios p, and r ,, saturate (in the sense
that the changes from 18 to 24 h are smaller than those
from 12 to 18 h).

The histograms of the distances for the two compar-
isons 2—4 h and 2—24 h (Fig. 4) show the small distances
for the 4-h comparison (a), and a broad distribution for
the 24-h comparison (b). However, distances do not van-
ish in 2—4 h, since the tracks are determined at unequal
time steps. The 2-24 h distribution reveals that thereis
no gap that could be used as a threshold D, to define
associated pairs by D,, < D,. This is a reason for the
use of optimal pairs in section 4b.

c. Spatial analysis

In this section, the spatial resolutions T21, T42, T63,
T84 are compared with T106 and the full temporal res-
olution of dt = 2 h is used. The results are shown in
Table 3 together with the mean number N, of lows (min-
imain z1000 with an intense gradient g,,;, at each time
step. The mean number N, decreaseswith the resolution,
whereas the ratio p, of perfect tracks decreases only
dlightly to 0.75 at T21. The ratio of missing tracks be-
comes large, r,, = 0.95. Briefly, the number of tracks
islower in low resolutions, but most of these tracks are
correct. For the larger time step dt = 6 h instead of dt
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Fic. 3. Cyclone tracks in the Northern Hemisphere determined with temporal resolution (a) dt = 2 h and (b) dt = 4 h. The spatial
resolution is T42, and the numbers of tracks are 61 in (&), and 65 in (b).

= 2 h, the same analysis shows values similar to that
in Table 3.

d. Spatiotemporal analysis

Over the course of time, meteorological data have
been stored in higher spatial and temporal resolutions
synchronously. In this section, the influence of this de-
velopment is investigated using the series T21/24 h,
T42/12 h, T63/6 h, T84/4 h, and T106/2 h, where all
data are compared with the latter one. From a physical
point of view this seriesisrelevant becauseit represents
a cascade with a simultaneous decrease of spatial and
temporal scales. The T106/2 h data is chosen as a ref-
erence since only dt = 2 h yields reliable tracks.

Table 4 shows the ratio of perfect and missing tracks
for this series. The result for T21/24 h is particularly
relevant: On one hand, the missing tracks are less fre-
quent than in the pure spatial comparison (Table 3) with
dt = 2 h, and on the other hand, the ratio of correct
tracks is higher than in the temporal comparison (Table
2). This demonstrates that a consistent change of spatial
and temporal scales reduces the error.

TABLE 2. Probability p, for correct tracks and ratio r,, of missing
tracks for temporal resolutions dt = 2 h compared with dt = 2 h;
the spatial resolution is T42.

dt 2h 4h 6 h 12 h 18 h 24 h
Pa 1.00 0.94 0.85 0.73 0.54 0.45
I'm 0.00 0.03 0.12 0.12 0.21 0.26

6. Summary

This study assesses the quality of cyclone tracking in
different resolutions. Using a very high-resolution da-
taset (1.125° X 1.125° 2 h) produced with the ECHAM4
climate model, data with different spatial and temporal
resolutions were derived. Tracks of cyclones, which are
defined as minima in the 1000-hPa geopotential height
(using an additional intensity condition for the gradient),
are determined by a nearest-neighbor search. The search
range grows with the time interval according to a power
law, which had been observed previously for midlati-
tude cyclones.

To determine objective measures for the agreement
of two sets of tracks, amethod is presented that identifies
similar tracks in two different sets. The similarity of
two tracks is measured by a distance that is based on
temporal and spatial variances. The spatial and temporal
grids of the two datasets need not be equal. The result
describes the expected quality of cyclonetracksdetected
in test data with given spatial and temporal resolution,
when these data are compared with a reference set that
has the optimal resolution availablein the corresponding
study. The method is free of tunable parameters, it is
rather general, and can be applied to other problems as
well. The results are two ratios, the probability p, for
atrack in the test set to be present also in the reference
set, and the ratio r,, of tracks missing in the test set but
present in the reference set (both ratios are defined with
respect to the number of tracks found in the test set).

The study concentrates on main paths in the spatio-
temporal diagram (Fig. 2) to answer some of the most
relevant questions: What is the influence of alow tem-
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poral or alow spatial resolution, and what happens if
both are reduced? Three studies are performed, a first
where 2-h tracks are compared with lower temporal res-
olutions (all at T42), a second comparison of T106
tracks with lower spatial resolutions (time interval 2 h),
and a third comparison of T106/2 h tracks with lower
spatial and temporal resolutions up to T21/24 h. The
main results of the temporal analysis are the satisfactory
agreements in 6- and 12-h data (p, = 0.85 and 0.73),
and the poor result (p, = 0.45) for the 24-h data. The
spatial analysis shows that the majority of the tracksin
T21 data are reliable; however, the number of missing
tracks is about the same as the number of detected
tracks. The spatiotemporal comparison shows that a par-
allel decrease of spatial and temporal resolution yields
a balance with about 50% correct and missing tracks.
The number of missing tracksis here lower (r,,, = 0.56)
than in the pure spatial comparison (r,, = 0.95) because
the increased time interval increases the number of
tracks.

7. Discussion

Cyclone paths have been determined since weather
maps became available, and the temporal resolution has
rarely exceeded 24 h up to the first half of this century.
This study shows that the result for cyclone tracks au-
tomatically determined in daily data is far beyond the
range of acceptable errors. Data with large time steps
should be better objectively analyzed using climatol og-
ical or actual winds to determine a first guess for the

TABLE 3. Mean number N, of lows at each time step, probability
p., and ratio r,, in different spatial resolutions compared to T106; all
tracks are determined with 2-h time interval.

Res. T106 T84 T63 T42 T21
N, 28.0 231 21.7 18.2 13.1
[N 1.00 0.91 0.88 0.83 0.75
M 0.00 0.30 0.32 0.48 0.95

progression of the cyclones, but it is clear that such
procedures fail too if the number of cyclones is high,
asin high spatial resolutions, for instance. The temporal
resolution should be at least dt = 12 h, with shorter
resolutions still increasing the quality. It is somewhat
disappointing that dt = 4 h already leads to a consid-
erable discrepancy (94% correct, 3% missing), although
one might expect a better agreement. The main reason
for thisis the minimum age required for cyclone tracks.
(This means that a track that lives slightly longer than
this threshold in one set can be below the threshold in
the second set, which is based on different time grid.)

The method presented yields two numbers, the ratio
p, of perfect, and the ratio r,, of missing tracks, which
appear to be reasonable measures when a single test set
of tracks is available. Other methods are possible, for
example, the use of an averaged distance between the
tracks. However, it is difficult to interpret such a dis-
tance. Our approach was chosen because it circumvents
the definition of a threshold value for the distance: a
distance lower (higher) than the threshold would mean
agreement (disagreement) of two tracks. An extension
of this study would use a longer time series of high-
resolution data to improve the statistical reliability of
the results. Although the detailed results presented here
may depend on the particular tracking method, the over-
all behavior is certainly reproduceable with other meth-
ods. Similar results pertain as well to tracks of other
meteorological objects if their density is comparable to
the cyclone density.
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