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ABSTRACT: Lagrangian detection and tracking algorithms are frequently used to study the development, distribution,
and trends of extratropical cyclones. Past research shows that results from these algorithms are sensitive to both spatial and
temporal resolutions of the gridded input Þelds, with coarser resolutions typically underestimating cyclone frequency by
failing to capture weak, small, and short-lived systems. The Þfth-generation atmospheric reanalysis from the European
Centre for Medium-Range Weather Forecasts (ERA5) offers Þner resolution, and, therefore, more precise information
regarding storm locations and development than previous global reanalyses. However, our sensitivity tests show that using
ERA5 sea level pressure Þelds at their Þnest-possible resolution does not necessarily lead to better cyclone detection and
tracking. If a common number of nearest neighbors is used when detecting minima in sea level pressure (like past studies),
Þner spatial resolution leads to noisier Þelds that unrealistically break up multicenter cyclones. Using a common search
distance instead (with more neighbors at Þner resolution) resolves the issue without smoothing inputs. Doing this also makes
cyclone frequency, life span, and average depth insensitive to reÞning spatial resolution beyond 100 km. Results using 6- and
3-h temporal resolutions have only minor differences, but using 1-h temporal resolution with a maximum allowed propa-
gation speed of 150 km h2 1 leads to unrealistic track splitting. This can be counteracted by increasing the maximum
propagation speed, but modest sensitivity to temporal resolution persists for several cyclone characteristics. Therefore, we
recommend caution if applying existing algorithms to temporal resolutions Þner than 3 h and careful evaluation of algorithm
settings.

SIGNIFICANCE STATEMENT: Many researchers use computer algorithms that automate detection of extratropical
storms and then track those storms through time to better understand how they develop, where they impact people, and
how they are changing as the world warms. Conventional wisdom is that using Þner spatial and temporal resolutions as
inputs to these algorithms improves results by capturing more storms more accurately. However, we Þnd that storm
frequency is more sensitive to algorithm settings than to spatial resolution. Making temporal resolution 1-hourly instead
of 3-hourly or 6-hourly incorrectly breaks up the tracks of some storms into several smaller pieces. In either case, our
datasets have improved enough so that a Þner resolution is no longer always better.
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1. Introduction

Lagrangian detection and tracking algorithms are common
tools to assess the frequency and development of extratropical
cyclones (e.g.,Rudeva and Gulev 2007; Allen et al. 2010;
Crawford and Serreze 2016), the spatial and seasonal distri-
butions of their tracks (e.g., Murray and Simmonds 1991;
Serreze 1995; Hodges et al. 2003; Wernli and Schwierz 2006;

Pinto et al. 2016), and their responses to a changing climate
(e.g., Ulbrich et al. 2008; Day et al. 2017; Raible et al. 2018).
These algorithms have also been used to assess extreme events
(e.g., Simmonds and Rudeva 2014; Reale et al. 2019) and ex-
tratropical cyclone impacts on the surface, such as freshwater
ßuxes (Finnis et al. 2007; Stroeve et al. 2011; Papritz et al.
2014), high surface winds (Inatsu 2009; Hewson and Neu 2015),
ocean swell (Hell et al. 2020), rain-on-snow (Crawford et al.
2020), and the melting and breakup of sea ice (Rae et al. 2017;
Schreiber and Serreze 2020). These algorithms involve a di-
versity of input datasets, input variables, preprocessing, and
detection and tracking settings, which all inßuence the tracking
results (e.g.,Blender and Schubert 2000; Raible et al. 2008;
Neu et al. 2013; Vessey et al. 2020).

Results of cyclone detection and tracking are often de-
scribed as ÔÔimprovedÕÕ when using data with Þner spatial
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resolution (e.g., 18vs 28or 6 vs 12 h;Blender and Schubert 2000;
Pinto et al. 2005; Jung et al. 2006). For example, weak and open
cyclones go undetected when using gridded input Þelds at
coarser spatial resolution (Blender and Schubert 2000; Pinto
et al. 2005; Jung et al. 2006; Di Luca et al. 2015; Wang et al.
2016). This occurs both as a direct result of Þner spatial scale
(e.g., Blender and Schubert 2000), but also indirectly from
better physical representation in Þner-scale models (e.g.,Jung
et al. 2006; Wang et al. 2016).

However, Rohrer et al. (2020) conclude differently. Only
one of the algorithms they examined (Blender et al. 1997) re-
sulted in more storms at a T639 resolution (about 31 km at the
equator) compared to a resolution of 18latitude or T63 (about
110 or 210 km at the equator, respectively). The other algo-
rithm ( Wernli and Schwierz 2006) detected fewer storms at a
Þner resolution because it merges any cyclone centers within
1000 km of each other (Rohrer et al. 2020). Some algorithms
use spectral Þltering to smooth the input data to a standard
resolution, such as T42 (about 310 km at the equator) as used
by Hoskins and Hodges (2002)and Côté et al. (2015). Merging
or smoothing techniques reduce sensitivity to spatial resolution
but underrepresent smaller systems and secondary cyclogen-
esis (Rohrer et al. 2020).

Higher temporal resolution can also lead to higher cy-
clone counts. Low temporal resolution (e.g., 12 h) can result
in late identiÞcation of cyclogenesis (Blender and Schubert
2000), truncating tracks so that systems no longer surpass
minimum life-span or track-length thresholds (Rudeva et al.
2014). Tracking is also less certain at coarser temporal res-
olutions, especially for fast-moving storms (Rudeva et al.
2014). Pinto et al. (2005) found that going from 12- to 6-h
resolution increased track counts in part because it reduced
the number of storms being split during the point of maxi-
mum propagation.

The coarsest resolution used in each of these sensitivity
studies was 200 km (or coarser), and at least two sensitivity
studies have considered spatial resolutions Þner than 100 km
(Di Luca et al. 2015; Rohrer et al. 2020). This spans the variety
of spatial resolutions used in cyclone detection and tracking
applications [e.g., 30 km inTilinina et al. (2014), 50 km in Wang
et al. (2016), 100 km in Crawford and Serreze (2017), 1.1258in
Wernli and Schwierz (2006), 1.58in Neu et al. (2013), 1.8758in
Hodges et al. (2011), or 2.58in Simmonds et al. (2008)]. Most
cyclone tracking studies use input Þelds with a temporal reso-
lution of 6 h or coarser (e.g.,Neu et al. 2013; Wang et al. 2016;
Sprenger et al. 2017; Rohrer et al. 2018; Vessey et al. 2020),
although some have used 3-h or Þner resolution (e.g.,Tilinina
et al. 2014; Crawford et al. 2020; Hell et al. 2020). Often, the
same detection and tracking algorithm has been applied to
datasets with different spatial or temporal resolutions using
identical settings (such as thresholds for maximum propagation
speed or minimum sea level pressure gradients for cyclones)
for all resolutions (e.g., Blender and Schubert 2000; Pinto et al.
2005). Rohrer et al. (2020) cautioned that because results from
these algorithms are sensitive to spatial resolution, different
input datasets likely require different input settings. However,
few studies have addressed how algorithm settings interact
with different spatial and temporal resolutions.

The availability of Þner-resolution datasets such as the Þfth
generation of the European Centre of Medium-Range Weather
Forecasts (ECMWF) global atmospheric reanalysis (ERA5)
with T639 and 1-h resolution (Hersbach et al. 2020), provides the
opportunity to detect cyclones with greater precision and extract
richer information regarding their development, intensity, size,
tracks, and spatial frequency. However, running detection and
tracking algorithms at Þner resolution has a computational cost.
Additionally, just as pre-existing algorithms may need to be
modiÞed to adequately handle data with Þner spatial resolution
(Rohrer et al. 2020), they may also need modiÞcation to handle
data with Þner temporal resolution.

Here we examine the sensitivity of cyclone detection and
tracking in ERA5 for the Northern Hemisphere using a single
algorithm [introduced by Crawford and Serreze (2016)] to Þner
spatial and temporal resolutions than typically used, compar-
ing 200-, 100-, 50-, and 25-km spatial resolutions and 6-, 3-, and
1-h temporal resolutions. Our research questions include:

1) Does further reÞnement of resolution to 25 km and 1 h
enhance the ability of algorithms to capture small/weak and
fast-moving systems, respectively?

2) Do any problems arise when applying an algorithm built for
200-/100-km and 6-/3-h data to Þner resolution?

3) How do common algorithm settings like the number of
neighbors used when detecting local minima or the maxi-
mum propagation speed allowed for continuing cyclone
tracks impact the sensitivity of results to data resolution?

2. Data and methods

a. ERA5 data

ERA5 ( Hersbach et al. 2018) has the Þnest resolution of any
global atmospheric reanalysis: 1-h temporal resolution and
T639 spatial resolution (Hersbach et al. 2020). ERA5 also
improves on its predecessor (ERA-Interim) by using a hybrid
incremental 4D-Var system and additional data sources for
assimilation. ERA5 includes a weakly coupled land data
assimilation system, optimal interpolation for ocean wave
heights, and uncertainty estimation (Hersbach et al. 2020).
Hourly mean sea level pressure (SLP) Þelds for the Northern
Hemisphere were retrieved for 1979Ð2019 at a 0.253 0.258
spatial resolution and regridded to a north-polar Lambert az-
imuthal equal-area grid (Brodzik et al. 2012) with resolutions
of 200 km (90 cells3 90 cells), 100 km (180 cells3 180 cells),
50 km (360 cells3 360 cells), and 25 km (720 cells3 720 cells).
Consistent with Þndings ofRohrer et al. (2018), results in this
study are robust to interpolation method (Fig. S1 in the online
supplemental material). Because of uncertainties arising from
the extrapolation of surface pressure from high elevation to sea
level, grid cells at elevations exceeding 1500 m [based on
ETOPO1; NOAA National Geophysical Data Center (2009) ]
were masked. ETOPO1 leads to a more conservative mask
than using ERA50s orography.

b. Algorithm description

The cyclone detection and tracking algorithm used here was
introduced by Crawford and Serreze (2016)and builds on the
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algorithm originally designed by Serreze (1995). Spatial dis-
tributions of cyclone frequency in both winter and summer
compare well to results from algorithms surveyed byNeu et al.
(2013) when run on ERA-Interim data at 100-km spatial res-
olution and 6-h temporal resolution [see supplemental mate-
rial in Crawford and Serreze (2016)]. However, its detection of
more cyclones in winter than in summer for the Northern
Hemisphere matches results of relative-vorticity-based algo-
rithms, unlike most SLP-based algorithms. It has also been
applied to NASAÕs Modern-Era Retrospective Analysis for
Research and Applications (MERRA; Koyama et al. 2017),
MERRA2 ( Crawford et al. 2020), ERA5 ( Hell et al. 2020), and
the Community Earth System Model (Crawford and Serreze
2017) with a range of resolutions from 1 to 6 h and 50 to 250 km.
Since each of these projects focused on different input datasets
and/or regions of the globe, no formal study has yet been
conducted on the sensitivity of this algorithm to resolution.

Cyclone detection begins with the detection of local SLP
minima. The deÞnition of ÔÔlocalÕÕ is 24 nearest neighbors (i.e., a
5 3 5 detection kernel) as our reference case for this study,
following Crawford et al. (2020). Many past studies (e.g.,
Blender and Schubert 2000; Wernli and Schwierz 2006;
Akperov et al. 2019) used eight nearest neighbors (i.e., a 33
3 kernel). SLP minima are discarded if 1) more than 40% of
neighbors are masked for elevation or 2) the SLP difference
between the minimum and the grid cells in a radius of
1000 km around it is less than 7.5 hPa. This is stricter than
several studies (e.g.,Pinto et al. 2005; Wernli and Schwierz
2006; Di Luca et al. 2015) but the same as Hanley and
Caballero (2012).

Rather than assume that any cyclone centers within 1000 or
1200 km are part of the same system (e.g.,Zhang et al. 2004;
one algorithm in Rohrer et al. 2020), this algorithm explicitly
detects the presence of multicenter cyclones (MCCs) at the
same time as calculating cyclone area, followingHanley and
Caballero (2012). Similar to other algorithms (e.g., Wernli and
Schwierz 2006; Hanley and Caballero 2012; Akperov et al.
2015), cyclone area is deÞned via the outermost closed isobar,
meaning the isobar with the highest SLP that encloses the cy-
clone center of interest but no centers from other cyclones and
no SLP maxima. Secondary centers are assigned to a cyclone if
1) they are within 1200 km and 2) doing so at least doubles the
cyclone area. Otherwise, the centers in question are treated as
separate cyclones.

The location (xi) of each cyclone center in timet is predicted
based on past propagation asx i*(t) 5 xi (t 2 1) 1 0:75[xi (t 2 1) 2
xi (t 2 2)]. The factor of 0.75 accounts for deceleration com-
mon to aging storms (Hanley and Caballero 2012). Each cy-
clone track is extended to the nearest cyclone center in time t to
x i*(t) that is also within tres* (150 km h2 1) of xi(t 2 1), wheretres is
the temporal resolution in hours. If no cyclone center in time t
satisÞes these criteria, cyclolysis is assumed. If multiple centers
meet the criteria and are not assigned to another track, cyclone
splitting occurs. If two tracks from t 2 1 are assigned to the
same center in timet, cyclone merging occurs. For merges and
splits, the nearest neighbor is given preference for track con-
tinuation, with the deeper cyclone selected if distance is the
same. Cyclogenesis occurs if a center in timet is not within
tres* (150 km h2 1) of any preexisting track.

c. Resolution and setting experiments

Our comparisons of cyclone detection were performed at
four spatial resolutions: 200, 100, 50, and 25 km (Table 1).
Additionally, based on the resulting differences in cyclone
center detection, two methods were examined for determining
the number of nearest neighbors to consider when detecting
local SLP minima: 1) using a common number of nearest
neighbors, as in past sensitivity studies (e.g.,Blender and
Schubert 2000; Jung et al. 2006) and 2) using a common search
distance of 200 km, which leads to a variable number of
neighbors.

These two methods yield no differences at 100-km spatial
resolution, for which they both yield a search area of 5 cells3
5 cells (500 km3 500 km; Fig. S2). Using a common number
of neighbors allows cyclone centers to exist closer together as
spatial resolution increases, whereas the 200-km search dis-
tance forces all cyclone centers to be over 200 km apart re-
gardless of spatial resolution.

Cyclone tracking was performed at three temporal resolu-
tions: 6, 3, and 1 h (Table 2). Additionally, based on the re-
sulting differences in cyclone tracking, two different maximum
allowed propagation speeds (Vmax) for cyclones were consid-
ered: 1) a constant value ofVmax 5 150 km h2 1 and 2) a dy-
namic value scaling from 125 to 300 km h2 1 from 6- to 1-h
resolution. This experiment is merely meant to illustrate sen-
sitivity, so the exact values are not necessarily ideal. The gen-
eral effect is to allow faster propagation of tracks at a Þner
temporal resolution, and the reasoning for this experiment will

TABLE 1. Total search area for detecting if a grid cell is a local SLP minimum based on spatial resolutionX and search distance (D). The
total search area is calculated as (2D 1 X)2. Two methods for determining the search distance are used: 24 nearest neighbors for all spatial
resolutions or a common 200-km search distance for all spatial resolutions.

Spatial resolution

200 km 100 km 50 km 25 km

24 nearest neighbors (53 5 kernel) Total cells 5 3 5 5 3 5 5 3 5 5 3 5
Search distance (km) 400 200 100 50
Search area (km) 10003 1000 5003 500 2503 250 1253 125

200-km search distance Total cells 33 3 5 3 5 9 3 9 173 17
Search distance (km) 200 200 200 200
Search area (km) 6003 600 5003 500 4503 450 4253 425
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be described in section 3b. Both modiÞcations represent a
change to input settings rather than a fundamental change to
the cyclone detection and tracking algorithm. Finally, note that
storms are not tracked at a 200-km/1-h resolution with a
maximum propagation speed of 150 km h2 1 because the min-
imum nonstationary propagation possible would be 200 km
over 1 h.

d. Comparison methods

Results using different spatial resolutions and search dis-
tances are assessed in several ways. The number of SLP min-
ima, centers, and cyclones are counted for each SLP Þeld, as
are the average ratio of centers to cyclones and the average
area of cyclones in each Þeld. Comparing centers and cyclones
helps determine how the detection of MCCs interacts with
spatial resolution and search distance.

Before direct comparison, cyclone tracks are subset to only
those that 1) have a life span of at least 24 h, 2) have a track
length of at least 1000 km, and 3) are observed at least once
over an elevation less than 500 m. This helps Þlter out spurious
storm systems. Cyclone tracks are compared in three ways.
First, the average number of tracks per year, and the per-
centage of tracks that are MCCs or experience merges and/or
splits are tabulated, as are average life span, track length,
propagation speed, area, central pressure, and depth. (Depth is
the pressure of the outermost isobar minus the central pres-
sure.) Results from each experiment are compared graphically
and with single-factor ANOVA followed by GamesÐHowell
tests for pairwise comparisons. Second, track occurrence,
genesis events, and lysis events are all mapped to a common
200-km and 1-h resolution (Zolina and Gulev 2002) and
smoothed (Crawford and Serreze 2016). Track density is de-
Þned as the number of tracks that pass through an 800 km3
800 km area centered on each grid cell for a given period. Event
density is the number of events (genesis or lysis) that occur
within an 800 km 3 800 km area for a given period.

Third, a track-matching scheme based onHodges et al.
(2003) is used to see how well the tracks in two experiments
(e.g., different temporal resolutions or different settings)
match across time and space. For each track in experiment 1,
the time overlap with all experiment 2 tracks is assessed Þrst.
Assume that n1 and n2 are the number of time observations in
experiment 1 and experiment 2, respectively, andnm is the
number of observations that share the same time. A potential
match exists if 2nm/(n1 1 n2) $ 0.60, meaning both tracks exist
in at least 60% of their combined observation times. For
comparing experiments with different temporal resolutions,
the least common multiple of their resolutions is used (i.e., only
observations at times 0000, 0600, 1200, and 1800 UTC are used

when comparing 1- and 6-h experiments). For any pair of
tracks meeting the time criterion, the average distance be-
tween the tracks is calculated for all shared observation times.
If the average separation is no more than 500 km, the tracks are
matched. If multiple tracks in experiment 2 Þt these criteria,
the experiment 2 track with the smallest average separation is
kept as the best match for the given experiment 1 track.

3. Results

a. Sensitivity of cyclone detection to spatial resolution

The number of SLP minima, cyclone centers, and cyclone
systems all have a strong dependence on spatial resolution
when using a common number of nearest neighbors to identify
SLP minima (Fig. 1). Over 1900 SLP minima are identiÞed per
SLP Þeld using a 25-km resolution, which is almost 10 times
greater than for a 100-km resolution. Over 4 times as many
minima are identiÞed at 100- than at 200-km resolution. These
differences are slightly greater in winter than summer (not
shown). The intensity criterion [7.5 hPa (1000 km)2 1] removes
most of the additional SLP minima at Þner resolution, so only
twice as many cyclones (34.7 vs 17.6) are identiÞed for 25-km
SLP Þelds compared to 100-km SLP Þelds. The number of
cyclones in 200-km Þelds is even lower, at 13.7 cyclones per
Þeld. Although almost all past studies have found that more
cyclones are identiÞed at Þner spatial resolution, this does not
necessarily mean Þner spatial resolution is more accurate.
Inputting Þner resolution data to the algorithm increases the
likelihood of identifying smaller systems but risks incorrectly
dividing a multicenter cyclone (MCC) into several different
cyclones. Therefore, it is important to assess whether an
increase in cyclone counts is the result of 1) identifying
smaller/weaker cyclones that are truly distinct systems or
2) identifying more centers in a single large MCC and in-
correctly breaking it up.

These two possibilities can be assessed in several ways. First,
examining example SLP Þelds helps to illustrate that, when
using a common number of nearest neighbors, the additional
cyclone centers detected at Þner resolutions are mostly clus-
tered within the cyclone areas deÞned at coarser resolution
(Figs. 2aÐd). For example, the cyclones located over BafÞn Bay
and Mongolia at 0000 UTC 26 October 2012 change from
having two and three centers, respectively, at 100-km resolu-
tion to 5 and 11, respectively, at 25-km resolution. However,
the algorithm does not maintain these systems as MCCs;
rather, it unrealistically splits them into multiple distinct sys-
tems. Using a coarser 200-km resolution, these two storms have
roughly the same area as at 100-km, but they are now identiÞed
as single-center cyclones.

TABLE 2. Temporal resolution and maximum propagation speed setting for tracking cyclone centers.

Temporal resolution

6 h 3 h 1 h

Speed (km h2 1) Distance (km) Speed (km h2 1) Distance (km) Speed (km h2 1) Distance (km)

Constant max propagation 150 900 150 450 150 150
Dynamic max propagation 125 750 192 564 300 300
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Similar results emerge for other examples (Figs. S3ÐS5),
and unrealistic breakups are also reßected in aggregated
statistics of SLP Þelds (Figs. 3aÐd). Although cyclone
center density is greater for Þner spatial resolutions across
the Northern Hemisphere, it is most acute around areas
of complex topography, such as Alaska, the margin of
Greenland, and Kamchatka. With a 200-km resolution, 24
nearest neighbors cover a 1000 km3 1000 km area, but
with a 25-km resolution, 24 nearest neighbors cover only
125 km 3 125 km (Fig. S2). As a result, the detection
scheme can Þnd cyclone centers much closer to the areas of
masked elevation at Þner resolution.

Some of the additional centers detected at a Þner resolution
are incorporated into MCCs. In the aggregate, this is reßected
as a higher ratio of centers to cyclones in SLP Þelds. The ratio
increases from about 1.05 to 1.21 when going from 200- to
50-km (or 25-km) spatial resolution (Fig. 4b). However, the
total area covered by cyclones drops from 22.7 million km2 per
Þeld at 200-km resolution to under 12.4 million km2 at 50-km
resolution (Fig. 4a). Going even Þner, to 25 km, the decline in
total area is even greater. Despite the increase in cyclones

detected at Þner spatial resolution, the total area inßuenced by
cyclones drops by about 45% from 200- to 50-km resolution
(and by 58% going to 25-km resolution). This is surprising. If
all additional centers at Þner resolution were identiÞed as
secondary centers in MCCs, then more centers would be added
to the same cyclone area, so the area would stay the same on
average. If the additional centers are identiÞed as previously
undetected systems, the total area should increase on average.
In neither case would a decrease in total area be expected.

Taken together, these results indicate that reÞning spatial
resolution to 25 km while using a common 24 nearest neighbors
for detecting SLP minima unrealistically breaks up large,
complex systems into multiple distinct storms, overwhelming
the MCC detection component of the algorithm. This issue
could be avoided by only using a coarser resolution, but at the
cost of less precision. Therefore, we experiment with using a
common search distance for SLP minima detection rather
than a common number of nearest neighbors (Fig. S2). This is
similar to enforcing a minimum distance between cyclone
centers (e.g., one method inRohrer et al. 2020). The Þnal three
violin plots in each graph from Figs. 1and 4 and the Þnal three

FIG . 1. Average number of (a),(d) SLP minima; (b),(e) cyclone centers; and (c),(f) cyclone systems per 6-h SLP Þeld for different
combinations of spatial resolution and search distance. All means are signiÞcantly different from each other (p , 0.05) except for the
cyclone count between 50 and 25 km in (f).
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