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ABSTRACT

Future tropical cyclone activity is a topic of great scientiÞc and societal interest. In the absence of a climate
theory of tropical cyclogenesis, general circulation models are the primary tool available for investigating the
issue. However, the identiÞcation of tropical cyclones in model data at moderate resolution is complex, and
numerous schemes have been developed for their detection.

The inßuence of different tracking schemes on detected tropical cyclone activity and responses in the
Hurricane Working Group experiments is examined herein. These are idealized atmospheric general circu-
lation model experiments aimed at determining and distinguishing the effects of increased sea surface tem-
perature and other increased CO2 effects on tropical cyclone activity. Two tracking schemes are applied to
these data and the tracks provided by each modeling group are analyzed.

The results herein indicate moderate agreement between the different tracking methods, with some models
and experiments showing better agreement across schemes than others. When comparing responses between
experiments, it is found that much of the disagreement between schemes is due to differences in duration,
wind speed, and formation-latitude thresholds. After homogenization in these thresholds, agreement between
different tracking methods is improved. However, much disagreement remains, accountable for by more
fundamental differences between the tracking schemes. The results indicate that sensitivity testing and se-
lection of objective thresholds are the key factors in obtaining meaningful, reproducible results when tracking
tropical cyclones in climate model data at these resolutions, but that more fundamental differences between
tracking methods can also have a signiÞcant impact on the responses in activity detected.

1. Introduction

The nature of possible future changes in tropical cyclone
(TC) activity is of great interest not only scientiÞcally, but

to all of society. In the absence of a general climate
theory of TC formation, climate models are the primary
tool available for investigating the problem. The spatial
scales of key TC features such as the eyewall may have
suggested that resolutions approaching single kilome-
ters would be necessary to produce TCs in general cir-
culation models (GCMs). However, it is well established
now that modern GCMs are capable of producing struc-
tures that can be recognized as similar to tropical cyclones
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at resolutions as coarse as 100 km (Knutson et al. 2010).
These TC-like vortices are low pressure centers with as-
sociated intense winds and a warm core. Because of lim-
ited resolution, their spatial extents are larger and
intensities lower than observed in real TCs (Walsh et al.
2007). For simplicity, we will refer to these features as TCs
throughout.

The identiÞcation of these TC features in model out-
put at moderate resolution (i.e., 50Ð200-km grid spac-
ing) is nontrivial, and numerous different schemes have
been developed for the detection and tracking of trop-
ical cycloneÐlike vortices (e.g.,Camargo and Zebiak
2002; Zhao et al. 2009; Walsh et al. 2013; Strachan et al.
2013). These tracking schemes scan model output data
and locate points at which certain TC criteria are met.
These criteria usually include thresholds in variables
such as wind speed and vorticity. The thresholds can be
based either on absolute values or on deviations from
the mean in that model and/or ocean basin. If thresholds
based on absolute values are derived from observations,
tracking schemes taking this approach cast clear light on
the ability of a model to reproduce a realistic genesis
climatology, as the possible tuning of such thresholds is
limited. The disadvantage of this approach is that it does
not easily allow for the correction of model biases. The
latter approach uses relative thresholds that are adjusted
model to model or basin to basin. This approach is
motivated by the assumption that TCs represent the
extreme tails of the distributions in relevant variables,
and that the position of TCs in these distributions (in
terms of standard deviations from the mean) will remain
the same in different models, even if the distributions
themselves are substantially different. By design, these
schemes produce a fairly realistic present-day climatol-
ogy in most models (Camargo and Zebiak 2002). One
scheme considered here takes this relative approach,
with the remainder using absolute thresholds.

Different schemes also differ in the way they join de-
tection points into tracks. Some simply apply the same
criteria to all points and then join spatially and temporally
adjacent detections into tracks. Camargo and Zebiak
(2002)point out that, in some cases, this approach results
in unrealistically short tracks. To address this short-
coming, their tracking scheme and other schemes apply
some relaxation of detection criteria after an initial de-
tection (Camargo and Zebiak 2002; Walsh et al. 2013).
In some cases, this includes reanalysis of time steps
preceding a detection with relaxed criteria ( Camargo
and Zebiak 2002). These differences in tracking may
have substantial impacts on the statistics of detected
TCs.

At present, there is little uniformity between tracking
methods and criteria used in different GCM TC studies.

The use of a 10-m wind speed criterion is a notable ex-
ception, where the objective resolution-based thresholds
determined by Walsh et al. (2007)have been adopted in
a number of studies (e.g.,Stowasser et al. 2007; Bengtsson
et al. 2007; Zhao et al. 2009; Scoccimarro et al. 2011;
Vecchi et al. 2013). However, other studies use resolution-
independent thresholds by interpolating all data to
a Þxed resolution before tracking (Strachan et al. 2013).
Thresholds in other variables such as low-level vorticity,
sea level pressure (SLP), sea surface temperature (SST),
and measures of the warm core such as wind speed
and temperature anomalies vary widely among tracking
schemes.

Little previous work has directly addressed the po-
tential signiÞcance of tracking scheme differences in
analyzing responses in TC activity in climate models.
However, some previous studies have examined the
sensitivities of their detection numbers to threshold
values within a single scheme.Li et al. (2013) Þnd little
sensitivity to any thresholds except those in genesis lo-
cation and the strength of the warm core, although it
should be noted that their study is in an aquaplanet
context. Zhao et al. (2009) Þnd some sensitivity to all
thresholds, with an especially strong dependence on the
duration threshold. They also Þnd that these sensitivities
are much reduced when focusing only on the most in-
tense TCs produced. Generally, it is unclear how the
different threshold sensitivities observed within single
tracking schemes and experiments in different studies
may vary between tracking schemes or across different
experiments.

Ideally, all schemes would be sufÞciently objective to
detect the same or similar TC activity in any GCM data.
However, it is known that different schemes give dif-
ferent numbers in individual experiments. For example,
Tory et al. (2013) report that eight reliable models from
phase 5 of the Coupled Model Intercomaprison Project
(CMIP5) project decreases in global TC frequency using
their unique TC detection method, while Camargo
(2013) reports relative increases in projected global TC
frequency for a number of CMIP5 models, including
some of those analyzed byTory et al. (2013), based
on the use of the detection algorithm of Camargo and
Zebiak (2002). Here, we investigate whether differences
in responses detected between tracking schemes remain
consistent over different experiments, or whether dif-
ferent tracking schemes have the potential to alter the
detected response of GCMs to different perturbations.
In the process of this analysis, we separate the effects of
different thresholds in wind speed, duration, and for-
mation latitude from differences we regard as more
fundamental to the different tracking schemes, such as
differently functioning warm-core checks and different
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methods of combining detection points into tracks.
Thresholds in vorticity and the strength of the warm core
are included in the latter category, as the strengths used
for these are more highly dependent on the details of the
tracking process used (in ways that, for example, a du-
ration threshold is not).

Section 2provides details of the modeling and track-
ing scheme methods used.Section 3 then presents re-
sults comparing tracking scheme performance for present
climate and altered climate experiments, andsection 4
discusses the relevance of these results to TC GCM
research in general. Finally, section 5 provides our
conclusions.

2. Methods

We analyze results from a suite of idealized altered-
climate experiments performed in four different GCMs
and tracked using multiple schemes. The experiments
were performed as part of the U.S. Climate Variability
and Predictability Research Program (CLIVAR) Hur-
ricane Working Group (HWG; http://www.usclivar.org/
working-groups/hurricane). The HWG experiments are
designed to compare the drivers of trends in TC activity
in different GCMs. They consist of atmosphere-only
runs in a number of GCMs forced for the different ex-
periments as follows:

(a) 1992 atmospheric gas concentrations and 1985Ð2001
seasonally varying climatological SSTs and sea ice
concentration (SIC);

(b) As in (a), but with a uniform global 1 2K SST
anomaly;

(c) As in (a), but with doubled CO 2 concentration; and
(d) As in (a), but with a uniform global 1 2K SST

anomaly and doubled CO2 concentration.

Full details on the methodology of these experi-
ments can be found in Held and Zhao (2011). In this
work, we use data from a subset of the HWG models:
the Centro Euro-Mediterraneo per i Cambiamenti
Climatici (CMCC)ÐIstituto Nazionale di GeoÞsica e
Vulcanologia (INGV) ECHAM5 (T159 resolution,
; 90-km grid spacing at equator;Roeckner et al. 2003),
the National Aeronautic and Space Administration
(NASA) Goddard Institute for Space Studies (GISS)
model (18resolution, ; 110-km grid spacing at equator;
Schmidt et al. 2014), the National Centers for Environ-
mental Prediction (NCEP) Global Forecast System
(GFS) (T126 resolution, ; 110-km grid spacing at
equator; Saha et al. 2014), and the Meteorological
Research Institute Atmospheric General Circulation
Model, version 3.2 (MRI AGCM3.2) (TL319 resolution,
; 60-km grid spacing at equator;Mizuta et al. 2012).

The experimental design differs slightly for the MRI
model, using Atmospheric Model Intercomparison Pro-
ject (AMIP)-style SSTs instead of seasonal climatologies.
SpeciÞcally, the MRI model is forced for the different
experiments with

(i) 1979Ð2003 yearly global mean atmospheric gas con-
centrations and monthly observed SSTs and SIC;

(ii) 1979Ð2003 yearly global mean atmospheric gas
concentrations and 2075Ð99 SSTs and SIC from
models from phase 3 of CMIP (CMIP3) using the
Intergovernmental Panel on Climate Change (IPCC)
A1B scenario;

(iii) 2075Ð99 atmospheric gas concentrations from the
IPCC A1B scenario and 1979Ð2003 SSTs and SIC;
and

(iv) Atmospheric gases set to 2075Ð99 values from the
IPCC A1B scenario with 1979Ð2003 monthly ob-
served SST plus a 1.83-K global anomaly.

While these are different from the climatological ex-
periments used for the other three models, experiments
aÐd do correspond qualitatively to experiments iÐiv. The
directions of TC genesis changes resulting, if not the
magnitudes, can still be compared meaningfully.

The experiments for the MRI model are 25 years long,
20 years for the GISS model, and 10 years for the
CMCC-INGV and NCEP models. These different ex-
periment durations are due to the different model res-
olutions and amounts of computer time available to the
different institutions involved. IBTrACS best-track data
for 1980Ð99 are used to compare model genesis patterns
and tracks with the real climate (Knapp et al. 2010).

We apply two different tracking schemes to these
data. A modiÞed version of the Commonwealth Scien-
tiÞc and Industrial Research Organisation (CSIRO)
tracking scheme (Walsh et al. 2007; Horn et al. 2013) is
used across all four models, and the Zhao tracking
scheme (Zhao et al. 2009) is used for all but the MRI
data, where necessary data were not archived. These
two tracking schemes are selected because they are
versions of two of the most widely used schemes in TC
GCM studies (see e.g.,Stowasser et al. 2007; Zhao et al.
2009; Scoccimarro et al. 2011; Held and Zhao, 2011;
Murakami et al. 2012; Walsh et al. 2013; Vecchi et al.
2013). We also analyze the tracks provided by each
modeling group, which were produced using different
tracking schemes depending on the group. Model data
used are 6-hourly in all cases.

The modiÞed CSIRO tracking scheme uses the fol-
lowing detection criteria to locate TCs:

1) An absolute value of 850-hPa vorticity greater than
102 5 s2 1;
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2) A closed pressure minimum within a distance in both
the x andy directions of 350 km from a point satisfying
condition 1 above (distance chosen empirically to give
a good geographical association between vorticity
maxima and pressure minima). This minimum pres-
sure is taken as the center of the storm;

3) A mean wind speed in the region 700 km3 700 km
square around the center of the storm at 850 hPa
greater than at 300 hPa; and

4) Maximum 10-m wind speeds exceeding a resolution-
dependent value as speciÞed inWalsh et al. (2007).

Detections are allowed only over ocean, based on
topography Þelds degraded to model resolution, unless
a previous detection exists within a resolution-dependent
distance. These detections are then linked into tracks by
associating consecutive detections within 68of each other
(for 6-hourly data). Tracks lasting less than 24 h are ex-
cluded. No latitude restriction is imposed, and the TCs
are instead partitioned from extratropical storms using
the separation in the latitudinal distribution of their
genesis points caused by the extratropical ridges in both
hemispheres. This is one point of departure from the
original CSIRO scheme; another is the removal of
a computationally demanding warm core check that was
found to be unnecessary at the higher resolutions used in
the HWG experiments (Horn et al. 2013).

The Zhao scheme identiÞes TCs by locating grid
points meeting the following criteria:

1) An 850-hPa relative vorticity maximum exceeding
3.53 102 5 s2 1 within a 68 3 68latitude/longitude box;

2) A local minimum of sea level pressure within 28
latitude/longitude from the vorticity maximum; and

3) A local maximum anomaly in the temperature
averaged between 300 and 500 hPa located within
28 of the SLP minimum. Temperature must be at
least 18C warmer than the surrounding local mean.

The resulting detections are then combined into tra-
jectories by associating the closest successive (i.e., 6 h
separated) detections within 400 km of each other. If
there are multiple possibilities, preference is given to
storms to the west and poleward of the previous de-
tection. Trajectories lasting less than 3 days are elimi-
nated. Storms are also required to have a maximum
surface wind speed greater than 12 m s2 1 during at least
2 days (not necessarily consecutive). Only trajectories
beginning within 508of the equator are considered.

The MRI group tracks use a method based on
Murakami et al. (2012). The criteria considered are as
follows:

1) The maximum relative vorticity at 850 hPa exceeds
8.0 3 102 5 s2 1.

2) The maximum wind speed at 850 hPa exceeds
13.0 m s2 1.

3) There is an evident warm core aloft, with the sum of
the temperature deviations at 300, 500, and 700 hPa
exceeding 0.8 K. The temperature deviation for each
level is computed by subtracting the maximum
temperature from the mean temperature over the
108 3 108grid box centered nearest to the location of
maximum vorticity at 850 hPa.

4) The maximum wind speed at 850 hPa is greater than
the maximum wind speed at 300 hPa.

5) To remove tropical monsoon depressions in the north
Indian Ocean (NIO), the radius of maximum mean
wind speed must be less than 200 km from the detected
storm center. This condition is applied in the NIO only.

The duration of each detected storm must exceed 36 h.
When a single TC satisÞes all the criteria intermittently,
it is considered as multiple TC generation events. To
prevent multiple counts of a single TC, a single time-step
failure is allowed. These criteria are optimized to pro-
duce around 84 TCs per year in the MRI model.

The GISS group tracks use the tracking scheme of
Camargo and Zebiak (2002). This is the only tracking
scheme used here that does not employ absolute thresh-
olds. The scheme uses model-dependent thresholds based
on selecting the tails of the probability distribution func-
tions (PDFs) of relevant variables. Based on analysis of
the joint PDFs obtained in the 850-hPa relative vorticity,
the 850- to 300-hPa anomalous integrated temperature,
and the surface wind speed for observations and GCMs,
the following model-dependent criteria are chosen:

1) 850-hPa relative vorticity at least twice the standard
deviation of the vorticity;

2) 850- to 300-hPa anomalous integrated temperature
threshold greater than or equal to the standard
deviation calculated over only those cases where
there is a warm core; and

3) Surface wind speed greater than or equal to the
global average wind speed (over ocean only) plus the
standard deviation in the relevant basin.

The scheme also imposes the following model-
independent criteria:

1) A local minimum in sea level pressure;
2) A positive local temperature anomaly at 850, 700,

500, and 300 hPa;
3) A larger local temperature anomaly at 850 hPa than

at 300 hPa; and
4) Higher mean wind speeds at 850 hPa than at 300 hPa.

The closest successive detections within 58 of each
other are then connected into tracks. Tracks of at least
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1.5 days are considered to be TCs. These tracks are then
extended forward and backward in time by tracking the
vorticity maximum while the absolute value exceeds
a relaxed vorticity threshold. This is intended to achieve
more realistic track lengths.

For the CMCC-INGV group tracks, storm centers
were detected using an alternate version of the CSIRO
scheme. These points were then combined into tracks
based on spatial and temporal continuity. Tracks lasting
less than 18 h were removed. The NCEP group tracks
use the Zhao tracking scheme and are identical to those
results, and so are not used here.

The models and tracking schemes used are summa-
rized in Table 1. The gaps in coverage of the models by
the different tracking schemes are due to the un-
availability of data necessary for a scheme in a given
model. This is also the reason for the chosen subset of
HWG models; others included in the project did not
archive sufÞcient data for at least the CSIRO scheme.
Correlations stated in the text are Pearson correlation
coefÞcients. Statistical signiÞcance of changes in mean
genesis rates between experiments is found by at test of
two independent series of annual genesis rates, assuming
identical variance.

3. Results

a. Present climate

Table 2 gives the mean yearly TC numbers for each
model, experiment, and scheme. The rate of genesis var-
ies substantially between models and schemes. Com-
pared to the observed present-day climatological mean
genesis rate of around 90 TCs per year, GISS shows very
low formation when tracked with the CSIRO and Zhao
schemes, with much stronger performance in the rela-
tive Camargo (ÔÔgroupÕÕ) scheme. NCEP shows realistic
genesis in the CSIRO scheme, but only around half as
much in the Zhao scheme. CMCC-INGV shows re-
alistic present-day genesis rates of between 85 and 91
TCs per year in all three schemes. The MRI model also
performs reasonably well with the CSIRO scheme,

although the genesis rate is lower than with the group-
supplied scheme.

Figures 1and 2 provide a comparison of the present-
day JanuaryÐMarch (JFM) and JulyÐSeptember (JAS)
genesis densities (genesis per 20 years per 48square box)
generated in the four models as detected by the avail-
able tracking schemes. As the relative performance of
each model in reproducing real-world genesis densities
is not the direct concern of this paper, we will not dwell
on the details of this geographic comparison. In most
cases, the models produce moderately realistic genesis
patterns, subject to the typical shortfalls of the TC
genesis distribution in GCMs, especially low North At-
lantic genesis rates (Camargo 2013).

Importantly, however, we should note that the dif-
ferent tracking schemes produce less variation in the
geographic distribution of genesis within each model
than they do in the global mean genesis rates (except
for in the GISS model, where the group scheme uses
relative thresholds resulting in a substantially differ-
ent distribution). Generally, the differences between the
geographical distributions derived using the different
schemes are smaller than the differences observed
among the four models, and between the models and the
best-track data. The fact that the geographical distri-
butions detected with the different schemes are similar
despite differences in the total number of TCs detected
indicates that there are no regions where the schemes
are substantially more or less likely to differ. Instead, the

TABLE 1. Tracking schemes (columns) used for each model (rows).

CSIRO/
Horn Zhao Murakami

CSIRO/
CMCC-INGV Camargo

MRI X X
NCEP X X
CMCC-

INGV
X X X

GISS X X X

TABLE 2. Mean yearly TC detection numbers from each tracking
scheme. Bold text indicates an increase of greater than 5% relative
to the equivalent present-day experiment and italic text a decrease
of greater than 5%. For the MRI model, AMIP refers to the present-
day experiment, CO2-f SST-p to the future CO2 and present-day SST
experiment, CO2-p SST-f to the reverse, and SST-1.83K CO2-f to
the future CO 2 and SST experiment.

CSIRO/Horn Zhao
Group-
supplied

GISS Present day 11.1 16.9 76.4
Double CO 2 12.7 18.3 68.35
SSTp2K 11.3 11.65 87.45
SSTp2K 23 CO2 12.0 12.0 79.4

NCEP Present day 86.3 46.7 Ñ
Double CO 2 83.3 50.0 Ñ
SSTp2K 82.7 40.7 Ñ
SSTp2K 23 CO2 81.3 39.8 Ñ

CMCC-INGV Present day 91.0 86.3 85.3
Double CO 2 78.5 79.1 76.6
SSTp2K 93.6 84.3 88.5
SSTp2K 23 CO2 80.5 77.3 80.4

MRI AMIP 45.0 Ñ 83.0
CO2-f SST-p 42.5 Ñ 78.4
CO2-p SST-f 44.0 Ñ 71.3
SST-1.83K CO2-f 37.5 Ñ 66.8
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