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A problem inherent to modern climate science is data analysis. Current global climate
models produce dozens of gigabytes of data per simulated month, and as models and
computing architectures improve to support higher temporal and spatial resolutions,
the amount of data output will increase proportionally. With each individual model, each
member of a forecast ensemble, and each model in an intercomparison project producing such a large amount of data, the size and amount of data have become obstacles
to scientific analysis. Efficient algorithms and software are necessary to analyze these
data.
A basic problem in climate data analysis is the identification of extreme climate
events within a data set. For a particular type of event, described quantitatively by
a set of identification criteria, the data analysis problem is to locate points in space and
time within a data set that match or exceed those criteria. With both the size of climate
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This article discusses the problem of identifying extreme climate events such as intense storms within large climate data sets. The basic storm detection algorithm is
reviewed, which splits the problem into two parts: a spatial search followed by a temporal correlation problem. Two specific implementations of the spatial search algorithm
are compared. The commonly used grid point search algorithm is reviewed, and a new
algorithm called Stride Search is introduced. Stride Search is designed to work at all
latitudes, while grid point searches may fail in polar regions. Results from the two algorithms are compared for the application of tropical cyclone detection, and shown to
produce similar results for the same set of storm identification criteria. The time required for both algorithms to search the same data set is compared. Stride Search’s
ability to search extreme latitudes is demonstrated for the case of polar low detection.
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data and its number of users increasing, search algorithms capable of locating a wide
variety of extreme events are increasingly important.
In this paper we address storm detection algorithms, which present solutions to the
extreme event identification problem. For simplicity we refer to any extreme climate
event in this work as a storm, whether or not “storm” is the most appropriate meteorological term. The paper is organized in the following manner. The remainder of
this introduction reviews the fundamental storm detection algorithm, which is based on
the typical layout of climate data files, and discusses common strategies for specifying storm identification criteria for a variety of applications. Section 2 reviews the grid
point search algorithm, the most common strategy for a spatial search (Vitart et al.,
1997; Blender et al., 1997; Wernli and Schwierz, 2006; Kleppek et al., 2008; Raible
et al., 2008; Prabhat et al., 2012). Although straightforward to implement, the grid point
search algorithm fails at high latitudes because it relies on geometric assumptions that
are only valid away from the poles. In Sect. 3 we introduce a new algorithm, called
Stride Search, that is capable of detecting storms at any latitude for many applications.
To validate the new approach, Sect. 5 compares Stride Search results for the application of tropical cyclone detection to a well known implementation of the grid point
search algorithm, the Geophysical Fluid Dynamics Laboratory’s (GFDL) TSTORMS
(1997) software. Section 6 introduces Stride Search’s new polar search capability using the problem of polar low identification. A brief concluding discussion follows.
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λj = j ∆λ,

j = 0, . . ., nlon − 1,

θi = −90 + i ∆λ,

(1a)

i = 0, . . ., nlat − 1,

(1b)
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The basic storm detection algorithm is guided by the typical layout of a climate data
set. Climate data are commonly represented on uniform latitude-longitude grids with
resolution ∆λ, with grid points (λj , θi ) located at
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where λ is longitude, θ is latitude, nlon = 360/∆λ is the number of longitudinal grid
points, and nlat = nlon /2 + 1 is the number of latitude grid points. Spatial data are separated by time step and grouped consecutively so that each data file represents a discrete time interval. In most cases these data are stored in NetCDF files (Rew et al.,
2014).
The layout of the data suggests that the extreme event detection problem may be
separated into two steps: a spatial search problem, and a temporal correlation problem
(TSTORMS, 1997; Prabhat et al., 2012). The spatial search problem is to find, at each
time step, regions of a spatial domain that contain an extreme event, as defined by a set
of identification criteria. The temporal correlation problem is to correlate the output of
the spatial search across time steps to construct storm tracks.
The basic spatial search is presented as Algorithm 1. Its input is a search domain
and a set of per-time step storm identification criteria, as well as the data. A key step
in the algorithm is the division of the search domain into a set of search sectors (line
4); we will discuss this process in more detail in the following sections. For each file
and each time step, the algorithm compares the data within each sector to the storm
identification criteria. If the criteria are met, a storm is recorded to the list L at the
current time step.
Identification criteria, particularly those used with a spatial search, are highly application dependent. Cyclones are the most commonly sought after features in climate
data. Review articles by Raible et al. (2008) and Neu et al. (2013) discuss extratropical
cyclone identification criteria in detail. Detection thresholds may be defined in terms of
minimum sea level pressure, maximum cyclonic vorticity, minima in geopotential height
surfaces (König et al., 1993; Sinclair, 1994; Blender et al., 1997), or combinations of
several independent criteria. Tropical cyclone identification criteria often also include
a temperature criterion or a wind shear criterion to filter out baroclinic storms (Vitart
et al., 1997; Nguyen and Walsh, 2001; Kleppek et al., 2008; Zarzycki and Jablonowski,
2014). Other studies define criteria to identify extreme weather events using more specialized variables. Examples include using column-integrated water content to identify
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atmospheric rivers (Ralph et al., 2004) and diagnosing developing polar lows using
potential vorticity anomalies (Montgomery and Farrell, 1992; Wu et al., 2011; Føre
et al., 2012). An objective definition of a drought is more elusive, as it involves both
atmospheric and hydrologic processes (Oladipo, 1985). Keyantash and Dracup (2002)
discuss several criteria used to calculate drought indices from forecast data that may
be applicable to climate data sets as well. Ideally storm detection software should be
flexible enough to allow users to easily define identification criteria relevant to their area
of study and should not be limited to any specific geographic region. Users should be
able to easily modify the implementation of Algorithm 1, line 7, in code.
The output of the spatial search (Algorithm 1) is a list of candidate storms. This list
may contain false positives due to noisy data, topographic effects, or ambiguity within

|

Input: search domain R, storm identification criteria (spatial), data
Output: List of potential storms, L, organized by increasing time step
1: set L = empty list
2: for all files in data set do
3:
nT = number of time steps per file
4:
Divide search domain into search sectors
5:
for i = 1 to nT do
6:
for all search sectors at time step i do
7:
if sector meets or exceeds identification criteria then
8:
set li = storm data at time step i
9:
add li to L
10:
end if
11:
end for
12:
end for
13: end for
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the identification criteria. The second step of the storm detection, the temporal correlation problem, handles these issues. The temporal correlation algorithm’s task is
to identify the same storm across adjacent time steps. It does so by building storm
tracks and is outlined by Algorithm 2. Users define a maximum travel speed Umax appropriate to the type of storm under investigation. The algorithm uses that speed to
define Dmax = Umax · ∆t, the maximum possible distance a storm may travel per time
step. Beginning with a storm entry in the spatial search output list L at time step i , the
algorithm searches all storms detected at time step i + 1. Any storms at time step i + 1
separated by a distance less than Dmax from the storm at time step i are marked as
candidate successors. If zero candidates are found, the track is ended at time step i .
If one candidate is found, that candidate is linked to its predecessor at time step i and
the algorithm continues to build the track by looking for candidates at time step i + 2.
If several candidates are found at time step i + 1, the algorithm chooses the closest
candidate to the entry at time step i and disregards the others. Track building proceeds
until either zero candidates are found at the next time step or the data are exhausted.
Storm tracks provide a natural mechanism to count storms and to dismiss false positives. Tracks that consist of only one point, indicating a storm whose duration was only
1 time step may be dismissed as noise. Tracks that persist for many time steps but do
not move may possibly be regarded as topographic effects, particularly if the identification criteria use data that are sensitive to topography, such as geopotential height
surfaces.
Storm tracks also provide a straightforward method of applying additional identification criteria. A study concerned with identifying regions of cyclogenesis may reject any
storms that do not intensify along their track. Temporal criteria may also be used to perform more detailed classification of candidate storms. For example, a vorticity criterion
or a vertical wind speed criterion may detect strong convection due to thunderstorms.
To make a distinction between typical summertime afternoon thunderstorms and more
persistent mesoscale convective complexes, a temporal criterion may be used to neglect storms that do not persist for longer than 12 h.
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where n is a user-specified parameter that corresponds to the scale of a storm in
latitude-longitude space. Thus, each sector is a (2n + 1) × (2n + 1) square in grid point
space. To set up a grid point search, users define the search domain by defining a minimum and maximum latitude, θmin and θmax . They must also select a value for n that
relates the spatial scale of the storms they wish to detect to the resolution of the data.
Figure 1a shows grid point search sectors along the equator with n = 2 for data with
◦
resolution ∆λ = 10 . The sectors are 5 × 5 boxes in grid point space and span approximately 5000 km × 5000 km on the Earth.
For each sector, the software collects data from the (2n+1)×(2n+1) points centered
at (λj , θi ). The collected data are compared against the storm identification criteria. If
the criteria are met or exceeded in the sector, the algorithm checks to see if (λj , θi ) is
the location of the storm within that sector. If so, the algorithm records the storm to its
output list. If not, the algorithm cycles to the next grid point, say (λj +1 , θi ), and begins
◦
again. In Fig. 1a the blue, horizontally striped sector is centered at (λj , θi ) = (150 E,
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Most storm detection studies of climate data use software that implements Algorithm 1 as a grid point search. The Geophysical Fluid Dynamics Laboratory’s (GFDL)
TSTORMS software, for example, has become the main tool for tropical cyclone
detection in high resolution climate data (Vitart et al., 1997; Vitart and Stockdale,
2001; Knutson et al., 2008; Zhao et al., 2009; Prabhat et al., 2012; Zarzycki and
Jablonowski, 2014). Grid point searches have also been employed by other studies of
mid-latitude extratropical cyclones (Blender et al., 1997; Geng and Sugi, 2001; Wernli
and Schwierz, 2006; Kleppek et al., 2008; Raible et al., 2008).
In a grid point search algorithm, each grid point (λj , θi ) in the search domain is
a search sector center. A search sector Ki j centered at grid point (λj , θi ) is defined
as
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Input: List L of potential storms from spatial search output, max storm travel speed
Umax , storm identification criteria (temporal)
Output: List T of storm tracks
1: set T = empty list
2: NT = total number of time steps in data set
3: for i = 1 to NT do
4:
for all elements li ∈ L at time step i do
5:
start new track t at li
6:
continue = True
7:
j =i
8:
while continue do
9:
examine all lj +1 ∈ L at time step j + 1 for possible successors to storm lj
10:
if successor found then
11:
add lj +1 to track t
12:
j = j +1
13:
else
14:
continue = False
15:
end if
16:
end while
17:
if track t meets or exceeds identification criteria then
18:
add t to T
19:
end if
20:
end for
21: end for
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For GFDL’s TSTORMS, whose intended application is in tropical regions, this is a simple and effective strategy because angular distance is a reasonable proxy for geodesic
distance near the equator. However, away from the equator this strategy can cause
problems. We discuss these issues in Sect. 3.
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0◦ N) and the next two consecutive sectors are shown by the red, vertically striped
sector centered at (λj +1 , θi ) = (160◦ E, 0◦ N) and black, diagonally striped sector whose
◦
◦
center is (λj +2 , θi ) = (170 E, 0 N).
Centering a sector at each grid point in the search domain yields a robust algorithm.
It ensures that the entire search domain will be covered and that the same storm will
not be recorded twice. Even though a single storm may trigger the identification criteria
in several sectors, only the sector whose center corresponds to the storm location
will be recorded to output. While the robustness of the grid point search algorithm is an
advantage, it comes at the cost of redundant work. The same data points are accessed
multiple times because the algorithm only advances one grid point at a time and the
overlap of adjacent sectors is considerable.
The data access required by a grid point search and the overlap of adjacent sectors
is also illustrated by Fig. 1a. All three sectors read the data from grid points in the region
◦
◦
◦
◦
{(λ, θ) : 150 E ≤ λ ≤ 170 E, 20 S ≤ θ ≤ 20 N}. For visual clarity we have not plotted the
sectors at (λj −1 , θi ) or (λj , θi ±1 ), which would also overlap a majority of the same grid
points.
We also note that grid point searches perform all computations in the longitudelatitude plane. To compute the distance between two locations (λ1 , θ1 ) and (λ2 , θ2 ), the
grid point algorithm uses the angular distance function
 q
distA (λ1 , θ1 ), (λ2 , θ2 ) = (λ2 − λ1 )2 + (θ2 − θ1 )2 .
(3)
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Stride Search

We present Stride Search with the aim of providing an implementation of Algorithm 1
suitable for storm detection applications anywhere on the globe. Instead of Eq. (3),
Stride Search uses the geodesic distance function


distG (λ1 , θ1 ), (λ2 , θ2 ) = a arccos cos θ1 cos θ2 cos(λ2 − λ1 ) + sin θ1 sin θ2 ,
(4)
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is the integer number of grid points required to approximately span geodesic distance
s in the latitudinal (meridional) direction. We refer to Slat as the latitude stride and use it
to define lines of constant latitude θI , where I = imin + (i − 1)Slat for i = 1, . . ., Nθ . The set
θI divides the search domain into strips using Nθ = (imax − imin )/Slat + 1 latitude lines,
where the indices imin and imax are defined such that θimin = θmin and θimax = θmax .
We also define Nθ longitude strides,



s · nlon
(I)
, nlon ,
(6)
Slon = min
2πa cos θI
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where a is the radius of the Earth, to facilitate search applications at any latitude.
This allows users to select a spatial scale s in units of distance independently from
the resolution of the data. To define s, users select a spatial scale relevant to their
application such that a maximum of one storm can be located within any spherical
circle of radius s. This scale defines the search sectors.
We divide the search domain into a collection of circles on the sphere, each with the
same geodesic radius s. Stride Search sectors, illustrated in Fig. 1b for s = 2500 km,
are defined by the following procedure.
The number


s · nlon
Slat =
(5)
2πa
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Adjacent sectors are separated in grid point space by increments of the latitude stride
and the longitude stride to reduce overlap. Hence, by construction, sector KIJ overlaps
its neighbors KI±1,J and KI,J±1 by approximately one radius s in physical space. This
is a sufficient condition to ensure that the entire search domain will be covered by the
circular search sectors.
Stride Search setup is completed by defining the sectors KIJ in terms of the data
locations (λj , θi ). Computationally, this involves creating a data structure or method that
identifies and links each sector to the data points enclosed by its geographic boundary.
For uniform longitude-latitude grids, Eq. (1) applies and the process is straightforward.
For unstructured grids either the grid’s connectivity information or a kd-tree algorithm
may be used. Sectors used with high resolution data sets link to more grid points
than the same-sized sectors used with lower resolution data. Thus, the stride search
parameter s is decoupled from the data resolution and depends only on the application.
Figure 1b illustrates three consecutive sectors beginning with the blue, horizontally
◦
◦
striped circle centered at (λJ , θI ) = (150 E, 0 N). The red, vertically striped sector cen◦
◦
tered at (λJ+1 , θI ) = (170 E, 0 N) and the black, diagonally striped sector centered at
◦
◦
(λJ+2 , θI ) = (170 W, 0 N) are the next two consecutive sectors. Along the equator, the
(I)
latitude stride Slat and longitude stride Slon are both equal to 2 for s = 2500 km and
◦
◦
∆λ = 10 , hence each of the three sectors’ centers are separated by 20 . Since each
7737
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(I)

creates Nλ = nlon /Slon longitude points along θI .
The points (λJ , θI ) define the centers of search sectors KIJ , where KIJ is the set of
all points on the sphere lying within a distance s of (λJ , θI ),


KIJ = (λ, θ) : distG (λ, θ), (λJ , θI ) ≤ s .
(7)
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so that Slon are the approximate number of grid points required to span geodesic distance s in the longitudinal (zonal) direction along latitude circle θI . The minimum function in Eq. (6) accounts for the case where θI is either pole. The longitude stride defines
(I)
(I)
points λJ along each latitude line θI , where J = (j −1)Slon for j = 1, . . ., Nλ . This process
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Stride Search sector is separated from its immediate neighbors by either a latitude
stride or a longitude stride, the overlap between adjacent sectors is much reduced
compared to a grid point search. The Stride Search algorithm therefore covers a much
larger geographic area with the same number of search sectors.
Reduced overlap leads to improved performance by decreasing the number of redundant data accesses and by reducing the total number of sectors. However, it also
creates a new issue. Any sector whose data meet or exceed the storm identification
criteria record a storm to a linked-list as an intermediate step prior to final output. Several sectors may detect and record the same storm to the linked-list, as illustrated by
Fig. 2. Before the storms detected by Stride Search can be saved to output, the list
must be examined to remove duplicate entries.
Duplicates are removed by again referencing the user-specified scale s. Each pair of
entries in the linked-list are compared; if a pair are separated by a distance less than
s, they are considered duplicates and the less intense entry is deleted. In Fig. 2, this is
demonstrated with pressure data. Each of the three search sectors have exceeded the
storm identification criteria and independently locate their minimum pressure. The blue
(left) sector finds a minimum of 988 hPa, the red (middle) finds 982 hPa, and the black
(right) finds 984 hPa. These three entries are clearly separated by a distance less than
s, as they are all contained within the red (middle) circle. The duplicate removal procedure will delete the blue (left) and black (right) entries because compared to the red
(middle) entry they have higher pressures and are less intense. Only the red 982 hPa
entry will be saved to output.
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Data description

We use data produced by the the spectral element dynamical core of the Community
Atmosphere Model, CAM-SE (Neale et al., 2012; Dennis et al., 2012). The model uses
a cubed sphere grid and high resolution experiments set 240 elements per face of the
cube for a total of 3 110 402 horizontal grid points. This results in a horizontal resolu-
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tion of ∆λ ≈ 0.125◦ (Worley et al., 2011; Dennis et al., 2012). Due to well-known issues
regarding the tuning of physical parameterizations within climate models, this high resolution simulation may not produce a climate that is a good match for the Earth. At
such high resolutions, high intensity storms occur with unrealistically high frequencies
(Reed and Jablonowski, 2011; Dennis et al., 2012).
The original goals of the high resolution experiments were to demonstrate the parallel scaling of CAM-SE, to document its required run time and related statistics in
various high performance computing environments, and to demonstrate the model’s
capability to produce well-resolved features like tropical cyclones that cannot be represented well in low resolution experiments. Here, we choose this data because its high
resolution ensures that small-scale storms will exist within the data in order to provide
a good testing environment for storm detection algorithms. The fact that there may be
an unrealistically high number of storms in the data is a benefit in this case.
The data set contains 5 years of simulated data that used CAM5 physics and preindustrial (year 1850) initial conditions. Instead of additional model components, the
CAM-SE atmospheric dynamical core is coupled to a set of land, ocean, and sea ice
data that also correspond to the year 1850 to provide its boundary conditions (Dennis
et al., 2012). The land, ocean, and sea ice boundary conditions are periodic, with period
1 year, and simply repeat throughout the 5 year atmospheric simulation.
The model’s native cubed sphere data was interpolated to uniform latitude-longitude
grids using the regridding software provided by the Earth System Modeling Framework
(ESMF) (Balaji et al., 2014). For the tropical cyclone test in Sect. 5, three months of the
native data were interpolated to a ∆λ = 0.25◦ mesh with nlon = 1440. This ensures that
any poorly resolved “2∆x” features within the simulation data will be smoothed, and
provides the expected data layout of a climate data set on a uniform grid. For the polar
search application in Sect. 6 the entire 5 years of data were similarly interpolated to
a uniform mesh with nlon = 1024 for a resolution of ∆λ = 0.35◦ . To facilitate a timing experiment (presented in the next section), we also interpolate 3 months data to coarser
◦
◦
resolutions with ∆λ = 2, 1 , and 0.5 .

Interactive Discussion

5

Tropical cyclones

10

(8)

2. The distance between the cyclonic vorticity maximum and the sector’s sea level
pressure minimum is less than a threshold value τD1 :
dist (λζ , θζ ), (λP , θP ) < τD1 ,

(9)

where (λζ , θζ ) and (λP , θP ) are the locations of sector Ki j ’s vorticity maximum and
sea level pressure minimum, respectively.
15

3. The difference between the vertically averaged temperature’s maximum value and
its sector average exceeds a threshold τT :
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maxi ,j ∈Ki j sgn(θi ) · ζ850 (λj , θi ) > τζ .
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1. There is a cyclonic vorticity maximum greater than a threshold value, τζ :

|

In this section we apply both Stride Search and TSTORMS to the problem of tropical cyclone detection. Our aim is to validate the Stride Search by comparison with
TSTORMS, which has a proven record. We also discuss the subtle differences between the two algorithms’ results that may be of importance to climate researchers.
A tropical cyclone is identified within search sector Ki j if the following four criteria are
met (Vitart et al., 1997):
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where T is defined as
T (λ, θ) =


1
T500 (λ, θ) + T200 (λ, θ) ,
2

(11)
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avgKi j (T ) =

1 X
{T (λj , θi ) : (λj , θi ) ∈ Ki j },
NKi j

(12)
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and T500 and T200 are the temperatures the 500 and 200 hPa pressure levels,
respectively. The sector average avgKi j (T ) is computed as a simple arithmetic
average,

|


dist (λT , θT ), (λP , θP ) < τD2 ,

(13)

where (λT , θT ) is the location of the sector maximum of T .
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We apply both algorithms to the same data, three months (18 July – 18 October) from
year 4 of the high-resolution simulation described in Sect. 4. We set TSTORMS n = 12,
Stride Search s = 450 km, and use the threshold values shown in Table 1 for Eqs. (8)–
(10), and (13).
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Differences between the two algorithms’ detections arise due to the differences in
the algorithms themselves. For computing the collocation criteria, Eqs. (9) and (13),
TSTORMS uses the angular distance function (3) while Stride Search uses the
geodesic distance function (4). Users of TSTORMS must specify τD1 and τD2 in angular
units, while users of Stride Search must use units of length. The arithmetic averages of
the vertically averaged temperature (Eq. 12) will be different from one algorithm to the
other, because their sectors will contain a different number of data points. As a result
criteria 2, 3, and 4 may behave differently for each algorithm.
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In this section we apply the temporal correlation algorithm, Algorithm 2, to the spatial
search results. We use a minimum duration criterion, tmin , to remove any storms that
do not span a length of time of at least tmin . Since tropical cyclones are inherently
maritime events (Cotton and Anthes, 1989), at this stage we also apply a land mask to
remove any tracks whose origins are not over water.
In Fig. 4 we show the storm tracks that correspond to the spatial search output
−1
of Fig. 3 with parameters Umax = 15 m s and tmin = 2 days. These results show that
the temporal correlation algorithm succeeds in eliminating false positives and gives
a better representation of the storms within the data set than the raw output from the
spatial search algorithm. Table 2 presents the final storm counts for each algorithm for
the 3 month data set, separated by hurricane category. Again, both algorithms produce
nearly identical results which validates the present work.
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Results from both spatial search algorithms are plotted in Fig. 3. Each dot represents a storm detected at one time step. All 6 hourly time steps over the entire three
months are shown, colored by windspeed-dependent hurricane categories defined by
the Saffir-Simpson intensity scale.
Both algorithms produce qualitatively similar results. Visually they appear to agree
nearly perfectly on the identifiable storm tracks and intensities. They both have false
positives over land and in the Southern Ocean. Stride Search produces more false
positives and detects more low-intensity storms than TSTORMS. This is due to the fact
that Stride Search sectors typically contain more data points than TSTORMS sectors.
The larger number of points per sector reduces the sector average of the vertically
averaged temperature (Eq. 12) compared to a TSTORMS sector at the same location.
Thus, the warm core temperature excess criterion (Eq. 10) is more easily achieved
using Stride Search than TSTORMS for the same value of τT , and causes more false
positives in the spatial search. These will be eliminated by the temporal correlation
algorithm.
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As discussed previously, climate data sets are already large and are expected to in◦
crease in size as climate models run at high resolutions with ∆λ < 0.5 . Storm detection
algorithms must be both accurate and efficient. In this section we document the dependence of each search algorithm’s run time on the resolution of its input data set.
Differences in the structure of the two algorithms result in notable differences in the
number of search sectors and the number of times each grid point is read from a file
per time step. In the top row of Table 3 we present the total number of search sectors
◦
◦
required by each algorithm to search the tropical domain, θmin = 40 S, θmax = 40 N for
each data resolution. The number of TSTORMS’s search sectors increases by a factor
of 4 as the data resolution is halved, whereas the number of Stride Search sectors
remains approximately constant across all data resolutions. The different shapes of
each algorithm’s sectors also cause differences in the number of data points associated
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The tracking algorithm (Algorithm 2) is sensitive to its two input parameters tmin and
Umax . Choosing a value of tmin too low will not eliminate enough false positives, but
choosing a value of tmin too high will eliminate weak cyclones that did exist but did not
intensify enough to last long. The effects of choosing a too high or too low value for
Umax are more subtle.
A value of Umax that is too low will cause storm tracks to fragment into several disjoint
pieces. For example, there is a category 5 storm (red) that originates in the central At−1
lantic and eventually makes landfall in the southeastern US. Setting Umax = 10.5 m s
causes this track to split into two separate tracks – one a category 1 storm that ends
over Cuba, and a second track that originates north of Cuba and develops into a category 5 storm. Setting Umax = 11.5 m s−1 keeps the track as one. This indicates that
−1
this particular storm increased in speed from ≈ 10 to ≈ 11 m s as it crossed Cuba.
The lower value of Umax would result in this storm being erroneously counted twice.
By contrast, choosing an unrealistically high value for Umax could cause the tracking
algorithm to merge two storms that are in reality separate entities.
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with each sector, and these numbers are presented in the second row of the table. The
circular Stride Search sectors are linked to more data points than the corresponding
TSTORMS sectors because the number of points in a Stride Search sector grows as
a function of latitude.
In the last row of the table the total number of per-time step data accesses required
by each algorithm are given; these numbers are the product of the number of sectors
and the number of points per sector. The reduced overlap between sectors in the Stride
Search algorithm result in many fewer data accesses (by orders of magnitude) than
TSTORMS.
Our implementation of Stride Search in code favors simplicity over performance. Both
TSTORMS and the current implementation of Stride Search run in serial on a single
thread. Figure 5 shows the wall clock time required by each algorithm to search the
3 month data set for tropical cyclones on a standard desktop workstation using GNU’s
Fortran compiler. The same tests were run on one node of Sandia’s Red Sky High
Performance Computing cluster using the Intel Fortran compiler and produced similar
results. Despite the differences presented in Table 3 between the two algorithms, we do
not see a large advantage of one over the other. Profiling each code reveals that both
algorithms are limited by their output subroutines, writing the list L from Algorithm 1 to
disk.
TSTORMS performs slightly faster than Stride Search for low resolution data with
∆λ > 0.5◦ . Since TSTORMS performs all of its computations in data space it has very little computational overhead upon startup, while regardless of the data resolution Stride
Search sectors have to be initialized prior to reading the data. This overhead causes
Stride Search to perform slightly slower than TSTORMS for coarse data sets. At high
resolutions, however, Stride Search performs faster than TSTORMS. Stride Search
−2
timing scales at the expected rate of O(∆λ ), while TSTORMS appears to scale at
a higher rate.
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A key motivation for developing Stride Search was to provide a detection algorithm
capable of searching all latitudes, including polar regions. The Arctic and Antarctic
climates are becoming increasingly frequent subjects of study due to recent significant changes in these environments (Stocker et al., 2013), and a detection algorithm
capable of searching data near the poles is necessary. Although grid point searches
have been used at midlatitudes up to ≈ 60◦ N and 60◦ S (König et al., 1993; Raible
and Blender, 2004), their results at higher latitudes are questionable. Applying the grid
point algorithm to polar search applications may miss storms because the zonal width
of a search sector approaches zero at high latitudes while the spatial scale of a storm,
of course, does not.
Figure 6a shows three consecutive grid point search sectors along θ = 60◦ N. As in
Fig. 1, the grid of data points has resolution ∆λ = 10◦ and we have used the same n = 2
to set up grid point search sectors. The blue (horizontal stripes) sector is centered at
◦
◦
(λj , θi ) = (150 E, 60 N) and the red (vertical stripes) and black (diagonal stripes) sec◦
◦
◦
◦
tors are at (λj +1 , θi ) = (160 E, 60 N) and (λj +2 , θi ) = (170 E, 60 N), respectively. Each
grid point search sector spans a distance of 5 grid points in latitude, or approximately
5000 km south to north.
The square grid point search sectors may appear correct in the left plot of Fig. 6a,
a Mercator projection, but the problem with them is clear in the polar stereographic
projection to the right. Far from the equator, angular distance is no longer approximately
proportional to geodesic distance. The southern boundary of each sector lies along the
40◦ N latitude circle, where 5 grid points in longitude span 4000 km east to west. But
◦
the northern boundary of each sector, along 80 N, spans only about 1000 km east to
west.
The constant geodesic radius of Stride Search sectors solves this problem. Figure 6b shows three Stride Search sectors along θ = 60◦ N, with s = 2500 km. The blue
(horizontally striped) sector is centered at (λJ , θI ) = (150◦ E, 60◦ N). The red (vertically
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striped) and black (diagonally striped) sectors are at (λj +1 , θi ) = (170◦ W, 60◦ N) and
(λj +2 , θi ) = (130◦ W, 60◦ N), respectively. The longitude stride along θ = 60◦ N is twice
as large as the longitude stride along the equator, so the three consecutive sectors
in Fig. 6b cover twice as many longitude lines than the three sectors in Fig. 1b. The
shapes of each sector in the left plot are due to the effects of the Mercator projection.
All sectors are still circles on the sphere, as shown in the polar stereographic projection (right). Stride Search sectors – even one centered at the pole – have the same
geographic size regardless of latitude, and are therefore capable of searching polar
regions as effectively as midlatitude and tropical regions.
As an example application, we consider polar lows. A polar low is defined as a “small,
but fairly intense maritime cyclone that forms poleward of the main baroclinic zone
(the polar front or other main baroclinic zone). The horizontal scale of the polar low is
approximately between 200 and 1000 km and surface winds near or above gale force,”
(Rasmussen and Turner, 2003). Polar lows may be quite destructive to coastal towns
and to offshore drilling platforms, but typically decay rapidly over land or sea ice. They
also contribute to the break-up of sea ice which has significant implications for the polar
climate. Polar lows are distinct from synoptic low pressure systems due to their different
developmental forcing and a typical lack of associated fronts (Montgomery and Farrell,
1992; Rasmussen and Turner, 2003).
Individual polar lows may develop a barotropic structure more similar to hurricanes
than to baroclinic midlatitude storms (Nordeng and Rasmussen, 1992; Føre et al.,
2012). These particularly interesting polar lows are typically smaller in diameter and
duration than tropical cyclones, and therefore require a high resolution model such as
the one described in Sect. 4 to resolve. A companion study will investigate the Arctic
climatology of variable resolution climate models and their ability to simulate “hurricanelike” polar lows (Roesler et al., 2015).
A set of objective identification criteria for polar lows are given by Bracegirdle and
Gray (2008), which we adapt to the Stride Search algorithm. Storm intensity is measured with vorticity and pressure and, as was the case with the tropical cyclone identifi-
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1. A sea level pressure minimum of sufficient intensity exists,

mini ,j ∈Ki j F (λj , θi ) ≤ τice ,
where F is the ice fraction and τice ∈ [0, 1).
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4. A cyclonic vorticity maximum of sufficient strength exists,


maxi ,j ∈Ki j sgn(θi )ζ (λj , θi ) > τζ .
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Stride Search set up uses a sector radius s = 450 km, and search region boundaries
◦
◦
θmin = 50 N, and θmax = 90 N. Threshold values are set at τP = 980 hPa, τice = 0, τT =
−4 −1
7 K, τζ = 2.0 × 10 s and τD = 450 km. To the temporal correlation algorithm we add
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a minimum duration tmin = 12 h and set Umax = 20 m s−1 .
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5. The vorticity maximum must be collocated with the pressure minimum,

dist (λP , θP ), (λζ , θζ ) < τD .

(16)
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3. A cold air outbreak exists,


mini ,j ∈Ki j θ700 (λj , θi ) − SST(λj , θi ) ≤ τT .
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2. The storm originates over the ocean (not land or ice),
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mini ,j ∈Ki j Psl (λj , θi ) < τP .
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cation criteria, a collocation requirement is applied. New to this application is a criterion
that identifies regions of increased instability associated with cold air outbreaks over
relatively warm ocean water.
Stride Search records a polar low in sector Ki j if the following criteria are met:
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0.286
0.286
where θ850 = T850 1000
and θ500 = T500 1000
.
850
500
Results from the entire 5 year data set are presented in Fig. 7, separated by season.
Storm tracks are colored by their maximum strength on the U.S. National Weather
Service’s maritime warning scale (Bowditch, 2002); gale force storms (black) have
maximum wind speeds 17.5 ≤ umax < 24.5 m s−1 , storm force (blue) has 24.5 ≤ umax <
−1
33 m s , and hurricane force storms (red) have maximum wind speeds greater than
−1
33 m s . The results show the expected seasonal variation of storm frequencies, with
the maximum number of storms and the maximum intensity of storms occurring in the
winter (DJF) months. Spring (MAM) months show more activity over the pole than the
fall (SON) months, and there are few storms in the summer (JJA).
Once storm tracks are built users may investigate individual storms more easily. In
Fig. 8, for example, the 850 hPa relative vorticity of a “hurricane-like” polar low is shown.
At the plotted time step, 25 December, year 3, 12:00 UTC, the storm is located at 86◦ N,
017◦ E. The perimeter of the plot is the 80◦ N latitude circle; hence, the plot’s radius is
approximately 1000 km, and the storm’s diameter is approximately 500 km. This storm
was chosen because of its symmetric structure, small spatial scale, and because it
nearly traveled directly over the pole. We therefore see that Stride Search is capable
of finding the event we sought, even at such extreme latitudes.
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The data include only temperature (not potential temperature) and do not include the
700 hPa pressure level. The required θ700 data are approximated as
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latitude-longitude grids separated by time step, as is typical for standard NetCDF climate data files. Stride Search setup is based on search sectors that are circles of constant geodesic radius on the surface of the sphere, regardless of latitude. By contrast,
a grid point search algorithm uses sectors that are squares in the latitude-longitude
plane and cannot be used in polar regions.
Stride Search was designed to be flexible software, capable of searching data sets
for a variety of extreme events. Such events must be described by a set of quantifiable
identification criteria, and as examples we show results for detections of tropical cyclones and polar lows within a high-resolution data set. The capability to search polar
latitudes is a new feature introduced by Stride Search, and was the primary motivation
for its development.
To validate Stride Search we compare its output to the output of GFDL’s TSTORMS
software, the current standard tool for tropical cyclone detection. TSTORMS performs
faster at coarse resolutions while Stride Search performs faster for high resolutions.
◦
As climate data sets move toward higher resolutions with ∆λ  1 , the speed advantage of Stride Search over a grid point search will become more noticeable. Due to
the differences in each algorithm, the specific threshold values for a particular application’s identification criteria may vary between a grid point search and Stride Search.
For example, the differently-shaped search sectors cause the tropical cyclone warm
core criterion to behave slightly differently for TSTORMS than for Stride Search. However, even with these differences, our results show that both algorithms produce similar
results and can be relied upon to produce similar tropical cyclone climatology statistics
for the same data sets.
Both Stride Search and TSTORMS software may be improved via parallelization. It
is already common to take advantage of temporal parallelism by applying the spatial
search algorithm to multiple time steps and multiple files concurrently using several
compute nodes. This may be implemented with customized run scripts or dedicated
software such as NASA’s Portable Distributed Script (PoDS) software (Kouatchou and
Oloso, 2014), GNU Parallel (Tange, 2011), and the Toolkit for Extreme Climate Analysis
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Our implementation of Stride Search is written in Fortran for data on uniform latitudelongitude grids. The software and its documentation are undergoing copyright review
and will be released on GitHub (www.github.com) once this process is complete. Preliminary versions may be requested individually from the corresponding author.
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(Prabhat et al., 2012). However, there also remains a significant amount of unexploited
parallelism in the climate search problem, as individual search sectors at the same time
step may be distributed across intranode threads. We mark the parallel development
of the Stride Search software as an item for future work.
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Table 1. Threshold values used for tropical cyclone detection.
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Table 2. Storm counts by hurricane category for each data set; this table corresponds to the
storm tracks shown in Fig. 4.
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Table 3. Numbers of sectors, maximum data points per sector, and total number of data accesses per time step to search tropical domain θ ∈ [40◦ S, 40◦ N] vs. data resolution. TSTORMS
used n = {2, 3, 6, 12} for the corresponding ∆λ, and Stride Search used s = 450 km.
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Figure 1. Search sectors along the equator. Black dots represent data points with resolution
◦
◦
◦
∆λ = 10 . Blue sector (horizontal striping) center is λ = 150 E, θ = 0 N. Red (vertical striping)
and black (diagonal striping) sectors are the next two consecutive searches; (a) grid point
search, n = 2; (b) Stride Search, s = 2500 km.
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Figure 2. Duplicate detections of the same storm using the Stride Search algorithm. Each sector (blue/left, red/middle, and black/right) locates its minimum sea level pressure (corresponding
squares). Duplicate entries are removed prior to the output stage; only the red 982 hPa entry
will remain.
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Figure 3. Spatial search results. Each dot is a storm detected at one time step; colors correspond to the categories of the Saffir-Simpson hurricane scale.
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Figure 4. Storm tracks. The ultimate output of each algorithm for the 3 month data set. Each
track is colored by the hurricane category corresponding to the maximum wind achieved over
its lifetime.
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40◦ S, θmax = 40◦ N, as a function of data resolution ∆λ.
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Figure 6. Search sectors along 60 N. Black dots represent data points with resolution ∆λ = 10 .
Blue sector center is λ = 150◦ E, θ = 60◦ N. Red and black sectors are the next two consecutive
searches; (a) TSTORMS, n = 2; (b) Stride Search, s = 2500 km.
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Figure 7. Northern Hemisphere polar low storm tracks. 5 years worth of data, separated by
season; winter (DJF), spring (MAM), summer (JJA), fall (SON). Tracks are colored by the NOAA
warning category corresponding to their lifetime maximum wind speed.

Interactive Discussion

Discussion Paper

GMDD
8, 7727–7765, 2015

Stride Search

|

P. A. Bosler et al.

Introduction

Conclusions

References

|

Tables

Figures

J

I

J

I

Back

Close

Discussion Paper

Discussion Paper

Abstract

Title Page

Full Screen / Esc

|
Printer-friendly Version

|

7765

Discussion Paper

Figure 8. An example polar low located at 86◦ N 17◦ E with structural similarities to a tropical
cyclone. The perimiter of the plot is the 80◦ N latitude circle.
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