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Abstract In the present study, global tropical cyclone (TC) formation characteristics are estimated using
two fundamentally different Commonwealth Scientific and Industrial Research Organisation (CSIRO) and
Okubo-Weiss zeta parameter (OWZP) tracking schemes in the reanalysis data and in a high-resolution
climate model with interannually varying sea surface temperatures. Both the schemes have a reasonable
global geographical distribution of TC genesis locations with under simulation in the eastern North Atlantic
and northwestern Australian regions. The mean annual TC frequency in the model is similar to observations
using the CSIRO scheme but higher using the OWZP scheme, whereas the annual frequency in

reanalysis using the OWZP scheme is similar to observations but halved using the CSIRO scheme. In the
CSIRO scheme, both the resolution-dependent thresholds and large-scale climate may play a role for skilful
TC formation statistics. In contrast, large-scale climate leads to changes in OWZP TC detections. This
highlights the importance of the large-scale environment for TC detections in both the tracking schemes.
The OWZP scheme can differentiate the monsoon lows from the actual TCs in the north Indian Ocean
compared to the CSIRO scheme, which incorrectly detects them as TCs in the monsoon season. The
distribution of TC lifetime in the model using the OWZP scheme is similar to observations. Conversely, the
CSIRO scheme detected TCs have shorter lifetimes, perhaps due to intrinsic tracking scheme differences.
Although the tracking schemes are fundamentally different, the study shows that there exist some
similarities between them and for certain TC formation characteristics the OWZP scheme performs better
compared to the CSIRO scheme.

Plain Language Summary As the climate models act as the best tool to understand the
relationship between the climate and TC formation, the TC research world is moving toward the
high-resolution climate models with improved parameterization schemes to understand TC formation
characteristics in the current climate better and improve the confidence in future projections. In the current
study, a high-resolution atmospheric climate model is used to observe the performance of two different
tracking schemes when compared with observations in simulating different TC characteristics like
geographical distributions, mean annual numbers, the influence of El Nifio (La Nifia), and interannual and
seasonal variability of TC frequency. Of the two schemes employed, one scheme is the traditional CSIRO
tracking scheme that detects TC-like vorticities and the other scheme, using the Okubo-Weiss zeta
parameter, a phenomena based scheme, detects the circulations that have the potential for TC formation.
The Okubo-Weiss zeta parameter scheme has superior performance in simulating the TC frequency
characteristics compared to the CSIRO scheme.

1. Introduction

Recent advances in climate models have led to more accurate simulation of the tropical cyclone (TC) clima-
tology, geographical distribution, and seasonal and interannual variability across various regions of the
globe (Bell et al., 2013; Camargo & Wing, 2016; Li & Sriver, 2018; Shaevitz et al., 2014; Strachan et al.,
2013; Tory et al., 2013b; Walsh et al., 2015; Zhao et al., 2009). The fine-resolution climate model simulations
are particularly crucial for individual ocean basins where the low-resolution models have low skill in simu-
lating TC formation rates comparable to observations. This results in higher variability between models in
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individual basins, which leads to lower confidence in their future projections (Knutson et al., 2010). A study
by Walsh et al. (2013) showed that a specific relationship exists between model resolution and TC formation
rate even after applying resolution-based thresholds. Also, they demonstrated that high-resolution models
had better TC formation patterns and rates.

Various observational and modeling studies have investigated the relationship between climate and TC
formation. It is observed that different climate models produce distinct frequency rates across different
ocean basins, and the precise cause for these variations is not clear. However, these earlier studies identi-
fied some of the prominent factors that lead to changes in TC formation rates. These factors include tem-
poral and geographical variations of sea surface temperature (SST) (Gray, 1968; Murakami, Mizuta, &
Shindo, 2012; Vecchi & Soden, 2007); midtroposphere relative humidity (Bister & Emanuel, 1997; Tang
& Emanuel, 2010), vertical wind shear (VWS), McBride & Zehr, 1981; Riemer et al., 2010; Davis &
Ahijevych, 2012), and a preexisting convective environment (Hendricks et al., 2004). In addition to the
above variables, other factors that lead to changes in TC formation rates are the model convective parame-
terization schemes (Kim et al., 2012; Zhao et al., 2012) and also different TC tracking schemes with discrete
choice of thresholds, storm duration, and formation latitudes (Camargo et al., 2005; Walsh et al., 2007;
Horn et.al., 2014).

Using analysis from observations, TC formation research has been aided by the recent “marsupial pouch”
concept defined within easterly waves of the Atlantic and Pacific regions (Dunkerton et al., 2009;
Montgomery et al., 2012). This TC formation theory observes that TC formation occurs in semi-enclosed
circulation regions (pouches) of easterly waves protected from surrounding influences like the entry of
lower entropy drier air and high VWS. The protective pouch concept was later developed to identify
the regions of TC formation potential (Wang et al., 2009; Wang et al., 2010a, b; Wang, 2012;
Montgomery et al., 2010). Based on the pouch concept, in recent studies by Tory et al. (2013a), Tory
et al. (2013b), a TC tracking scheme is developed using ERA-Interim reanalysis (Dee et al., 2011) that
includes a diagnostic term known as the Okubo-Weiss Zeta parameter (OWZP), coexisting with necessary
thermodynamic conditions and dynamic conditions. This OWZP represents low-deformation vorticity
regions favorable for TC formation. The detected pouch locations in reanalysis using this tracking scheme
have a close resemblance to observed TC genesis locations (International Best Track Archive for Climate
Stewardship [IBTrACS]; Knapp et al., 2010) with 95% of the global TCs containing enhanced values of
OWZ, not limited to the regions of tropical easterly waves in the Atlantic and Pacific regions. Bell
et al. (2018) statistically assessed TC track climatology in ERA-Interim reanalysis using the OWZP scheme
and noted good agreement between observed and detected tracks. In addition, this scheme is resolution
independent and also observed to have consistent results of TC frequency as well as track changes both
in current and future climate using various Coupled Model Intercomparison Project Phase 5 (CMIP5)
models (Tory, Chand, McBride, et al., 2013; Bell, Chand, Tory, Dowdy, et al., 2019; Bell, Chand, Tory,
Turville, et al., 2019).

It would thus be useful to apply these concepts to the output of fine-resolution climate models, as a way of
better defining and detecting TCs in model output. Existing TC tracking schemes tend to be resolution
dependent and use wind speed or vorticity thresholds (Horn et al., 2014; Shaevitz et al., 2014). Studies using
climate models are moving to a higher horizontal resolution to better simulate and understand TC charac-
teristics. It has been suggested that horizontal resolutions in the range of 20-100 km may be sufficient to
study many aspects of the genesis and storm distribution (Oouchi et al., 2006; Bengtsson, Hodges, & Esch,
2007; Bengtsson, Hodges, Esch, Keenlyside, et al., 2007). In the present study, a high horizontal resolution
model of about 40 km, the atmosphere-only Australian Community Climate and Earth-System Simulator
(ACCESS) model (Bi et al., 2013), is used to detect present-day TCs using two different tracking schemes
across different ocean basins, with basin boundaries given in Table S1 of the supporting information section.
The first scheme is the circulation-based OWZP tracking scheme of Tory, Dare, Davidson, et al. (2013), and
the second method is the Commonwealth Scientific and Industrial Research Organisation (CSIRO) detec-
tion scheme of Horn et al. (2014), a traditional TC tracking scheme that uses imposed thresholds such as
minimum low-level wind speed. The OWZP detection scheme has not been examined for its performance
in high-resolution models, whereas the CSIRO scheme has. Therefore, this study compares the performance
of the phenomenon-based tracking scheme (OWZP) with the traditional scheme (CSIRO) in a
fine-resolution climate model simulation and reanalysis when compared against the observations
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(IBTrACS, Knapp et al., 2010) in simulating various storm characteristics such as climatology, lifetime, and
seasonal and interannual variability. A particularly challenging region of the globe for TC tracking schemes
is the North Indian (NT) Ocean basin, due to the prevalence of monsoon depressions in this basin that can be
misidentified as TCs. Accordingly, some of the tracking schemes apply additional thresholds to remove the
monsoon depressions falsely detected as TCs to capture the seasonal cycle correctly across this basin
(Murakami, Mizuta, & Shindo, 2012). Therefore, we also attempted to examine the performance of the
OWZP TC detection scheme in the NI Ocean.

2. Model, Data, and Methods
2.1. ACCESS Atmospheric Model and Simulation

In the current study, we employ the atmospheric component of the ACCESS general circulation model
(GCM) (ACCESS 1.3, Bi et al., 2013). The description of this modeling system mostly follows that contained
in the previous work using a similar model (Sharmila et al., 2020). This ACCESS model uses the atmospheric
part of the UK Met Office Unified Model (UM v8.5) with improved parameterization schemes of the Global
Atmosphere (GA 6.0) configuration. It includes the Joint UK Land Environment Simulator land surface
model (Best et al., 2011; Walters et al., 2017). The dynamical core of the atmosphere within the model uses
the semi-implicit semi-Lagrangian approach in a longitude-latitude grid, solving both the large-scale pro-
cesses (solar and terrestrial radiation, precipitation, and gravity wave drag) and subgrid-scale processes
(boundary layer processes, convection, atmospheric aerosols, and chemistry). A prognostic cloud fraction
and prognostic condensate (PC2) scheme are employed (Wilson et al., 2008). The model also uses the radia-
tion scheme of Edwards and Slingo (1996) for representing the cloud droplets, the boundary layer scheme of
Lock et al. (2000) with additional modifications for representing the boundary layer, as described in Lock
(2001) and Brown et al. (2008).

The model is run in an atmospheric mode with prescribed monthly and interannually varying Atmospheric
Model Intercomparison Project SSTs (Kanamitsu et al., 2002) as a lower boundary condition and has a 40 km
horizontal resolution with 17 vertical levels. The model is initialized with the atmospheric conditions of 1
September 1988 and integrated till 31 December 2010, using the Atmospheric Model Intercomparison
Project SSTs and seasonally varying radiative forcing. Sharmila et al. (2020) evaluated the performance of
this model in simulating large-scale climate variables in comparison to the observed climate variables of
ERA-Interim reanalysis. They noted certain regional biases in large-scale fields of the model corresponding
well with the genesis biases using the CSIRO scheme. Keeping in view the model performance, we compare
the model and reanalysis performance in simulating the TC formation characteristics with IBTrACS for 20
years from 1990 to 2009 using two fundamentally different tracking schemes.

2.2. Observational and ERA-Interim Data

In the current study, we use the IBTrACS TC data for the 1990-2009 period. This comprises information
from the different regional TC observing centers synthesized and merged together into a single data set
(Knapp et al., 2010). For the years analyzed here, the IBTrACS data should have an almost complete repre-
sentation of TC formation, although Knapp et al. (2010) note small differences between the operational cen-
ters that compile the best track data in the total number of declared TCs (see also Hodges & Emerton, 2015;
Ren et al., 2011). Here IBTrACS serves as ground truth for TC formation. An issue in all best track data sets is
the lack of a consistent definition of extratropical transition between operational centers, which leads to
biases in the length of the observed TC tracks (Schreck et al., 2014).

The TCs simulated in the reanalysis data act as a bridge between the TCs simulated in a GCM and the
observed TCs. The reanalysis data are spatially and temporally homogeneous assimilated observation data
but have some constraints. These include the resolution of the model used to produce the reanalysis, the
model physics, and the type of assimilation methods. Nevertheless, compared to the earlier reanalysis ver-
sions, the ERA-Interim has improved model physics and includes the use of four-dimensional variational
data assimilation (Compo et al., 2011; Dee et al., 2011). Recent studies showed that TC intensity is under-
estimated in the ERA-Interim reanalysis compared to the observations (Hodges et al., 2017;
Murakami, 2014).
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Two different TC tracking schemes are applied to the ERA-Interim data at a resolution of 0.75 ° X 0.75° at
12-hourly intervals for 20 years from 1990 to 2009. The OWZP tracking scheme requires the zonal and mer-
idional wind fields at 850, 500, and 200 hPa pressure levels to estimate the OWZ, the magnitude of vector
wind difference between 200 and 850 hPa (the VWS), and the TC steering velocity (average wind at 700
hPa within a box region). In addition to the above variables, it requires relative humidity at 950 and 700
hPa levels, and specific humidity at the 950 hPa level. Similarly, the CSIRO tracking scheme requires the
10 m, 850 hPa, and 300 hPa zonal and meridional winds and mean sea level pressure.

2.3. OWZP TC Detection and Tracking Scheme

The OWZP tracking scheme (Tory, Dare, Davidson, et al., 2013; Tory et al., 2013a) detects the circulation
regions within the “marsupial pouch” using a diagnostic quantity, a product of a normalized
Okubo-Weiss parameter, and absolute vorticity (the OWZ parameter) along with certain thermodynami-
cal and dynamical conditions. The OWZ parameter detects the low-deformation vorticity regions within
the large-scale disturbances that have the potential for TC formation. The OWZ parameter is defined
as follows:

OWZ = max(OWperm, 0) X (¢ + f) X sign(f) 1)

Here OW o, is the normalized Okubo-Weiss parameter, ¢ is the relative vorticity, f is the planetary vor-
ticity, ¢ + f is the absolute vorticity, while E and F represent the stretching and shearing deformation,

respectively:
OB ) [ov)[ou] o [ou] (o] 8], [ou
OV =S EE, o [] [0 [0 [0 3] g

The detection scheme involves a sequence of steps from the initial detection to the final declaration of the
circulation track as a TC (Tory, Dare, Davidson, et al., 2013; Tory et al., 2013a). The steps involved are as
follows.

(i) In the first step, the algorithm identifies the grid points that satisfy certain initial thresholds of OWZ
(low-deformation vorticity regions) at the 850 and 500 hPa pressure levels, as well as relative humidity
thresholds at 950 and 700 hPa pressure levels, specific humidity at 950 hPa, and VWS, as shown in
Table S2. The nearby grid points satisfying these conditions are combined into a clump that represents
the storm position at the selected point of time.

(ii) Inthe second step, these clumps are tracked forward in time, and each clump position along the track is
verified against certain additional core threshold conditions given in Table S2. The clumps that satisfy
these conditions are declared as “True” otherwise “False.” A track is terminated when there is no
detected circulation forward in time by using a search algorithm that considers the forward circulation
position estimated from the 700 hPa steering wind.

(iii) In the third step, the tracks constructed in step (ii) are further checked to see which track is to be con-
sidered as a TC. A track is declared as a TC if it satisfies the core thresholds for 48 h, having five con-
secutive “True” clumps in data with an archive interval of 12 h. The fifth consecutive True location
along the track is considered as the TC genesis location (Bell et al., 2018).

2.4. CSIRO TC Detection and Tracking Scheme

The current study uses the modified CSIRO scheme, which is a traditional TC tracking algorithm that

detects TC-like vortices using certain resolution-dependent objective thresholds. The following description

follows that of Horn et al. (2014). The thresholds to be satisfied to declare a low-pressure system as a TC

are the following:

(i) an absolute value of 850 hPa cyclonic vorticity should be higher than 1 x 107> s™*

having weaker vorticity;

(ii) aclosed pressure minimum with a 350 km distance in both x and y directions from the location satisfy-
ing the first condition is taken as the center of the storm;

(iii) mean wind speed within a 700 km X 700 km box region around the center of the storm at 850 hPa pres-
sure level is to be higher than wind speed at the 300 hPa;

to avoid grid points

RAAVI AND WALSH

40f 16



Ay

ADV Earth and Space Science 10.1029/2019EA000906
o . IBTrACS Genesjs locations 1990-2009
40°N 1 = ‘R X oCa—
HARTA Y <y
20°N 1 p¥ad L
23008
00 - 3
PO
20°S 1 oA i
40°S T T T —t T T T
0° 40°E  80°E 120°E 160°E 160°W 120°W 80°W 40°W  0°
40N 1 Genesis locations with OWZP detection scheme
Q J eV - & . . e ® o
+ ) :,:4;'&4
20°N 1 N ' . L
00 o ; 3
20°S 1 3
40°S T T T —— T T T
0° 40°E  80°E 120°E 160°E 160°W 120°W 80°W 40°W  0°
40N 1 Genesis locations with CSIRO detection scheme
; o S0
20°N 1 ; L
00 - 3
20°S 1 g i
40°S T T T — T T T
0° 40°E 80°E 120°E 160°E 160°W 120°W 80°W 40°W  0°

Figure 1. TC genesis locations in observations and the ACCESS model (using both CSIRO and OWZP schemes) for a per-

iod of 20 years from 1990 to 2009.

(iv) the maximum 10-m wind speed should exceed the resolution-dependent value, as proposed by Walsh
et al. (2007). The wind speed threshold is 16.5 m/s for the 40 km horizontal resolution ACCESS model
data and 15.5 m/s for the lower-resolution ERA-Interim reanalysis; and

(v) finally, the above conditions are to be satisfied for 24 consecutive hours for them to be declared as a TC.

3. Results and Discussion

3.1. Simulated TC Formation Characteristics

The quality of the TC formation climatology in the current climate is essential for any climate model to

obtain reliable TC projections under changing climate conditions.

3.1.1. Geographical Distribution of TC Genesis Locations

This section illustrates the geographical distribution of the TC genesis locations from IBTrACS and the

ACCESS model detected using both CSIRO and OWZP TC tracking schemes (Figure 1). The OWZP detected

TCs are more frequent than observations in most of the ocean basins with an undersimulation in the eastern

NA and northwestern part of the Australian (AUS) region. In contrast, the CSIRO detection scheme has lar-

ger undersimulation in the NA basin. From this, we notice that the ACCESS model simulates reasonably

well the TC climatology, and both the tracking schemes identify the TC genesis detections at geographically

similar locations to the observations. Similarly, the genesis locations in the reanalysis (Figure S1) have a

close resemblance to observations using both the schemes.

Figure 2 shows the zonal and meridional distribution of TC genesis locations expressed in terms of a mean

frequency at each 4-degree grid box across the globe. The zonal mean distribution has two peaks, one in the

Northern Hemisphere (NH) and the other in the Southern Hemisphere (SH) at around 15° latitude in the

observations (IBTrACS). There is a good agreement in the zonal distribution between the detected TCs of

the model and reanalysis using both the schemes and observations (IBTrACS). Both the schemes have peak
locations at similar latitudes except with a few more detections in the model at these latitudes using the
RAAVI AND WALSH 50f 16
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Figure 2. Zonal (a) and meridional (b) mean TC frequency (per 4°x4° box region across the globe) as a function of latitude
and longitude in both observations and model (using both the CSIRO and OWZP detection schemes).

CSIRO scheme in the SH and significantly more detections using the OWZP scheme in both hemispheres.
Similarly, from the meridional distribution of mean TC genesis frequency in IBTrACS, Figure 2 shows
two sharp peaks, one at around 90°E in the South Indian (SI) Ocean and the other at 110°W in the
eastern North Pacific (ENP) region. Also, there is a broader peak at around 150°E in the western North
Pacific (WNP) and South Pacific (SP) regions. The meridional distribution in the reanalysis is similar to
the observations using both the schemes. The CSIRO detections within the model have peaks at similar
longitudes but with an eastward shift of the 150°E peak. In contrast, the OWZP detection scheme in the
model has a 150°E (WNP and SP) peak shifted further eastward. There exists a peak at around 85°W and
70°W (ENP and NA) in the model using the OWZP scheme, which is not present using the CSIRO
scheme. Therefore, the zonal and meridional mean TC frequency distributions in the model show
differences across the ENP, NA, SP, and WNP basins for both the schemes when compared
against observations.

3.1.2. TC Genesis Density Bias

Here the global TC genesis density is defined as the number of storms per year and per 4°x4° box region
across the globe, as shown in Figures S2 and S3 for both model and ERA-Interim data, respectively. To
understand the quantitative differences between the detection schemes in simulating TCs, we calculate
the genesis density bias by subtracting the observations (IBTrACS) from the model and reanalysis detected
TCs, and Table S3 and Table S4 show its basin-averaged values. These basin-averaged values in the reanaly-
sis show that the CSIRO scheme has a negative bias in almost all the ocean basins compared to the OWZP
scheme, which performs better in most of the ocean basins. In the model, basin-averaged values show a
negative genesis bias in the NA-MDR with both the schemes and in the ENP basin using the CSIRO scheme.

The spatial genesis density bias (Figure 3) has similarities between both the tracking schemes in the model in
the NI, SI, SP, and the AUS basins with a similar sign of the bias in the two schemes but with different mag-
nitudes. There exist two basins with significant differences between both the schemes in the model: one
being the NA-MDR basin, having negative bias using both the schemes with significantly higher negative
bias using the CSIRO scheme (Table S3). The OWZP scheme is able to capture the NA-MDR genesis fre-
quency within the model to some extent that is difficult to capture in most climate models (Walsh et al.,
2016). The other basin showing substantial differences between the schemes is the ENP with strong positive
bias throughout the basin using the OWZP detection, while the CSIRO scheme shows overall negative bias
across the basin. In addition, the WNP basin within the model has patches of negative bias using the CSIRO
scheme. From these differences, we can infer that the OWZP scheme has better performance in the NA-
MDR, WNP, and ENP basins within the model compared to the CSIRO scheme, which has negative genesis
density bias in these regions. To understand genesis biases (positive/negative) across the ocean basins, we
perform a climatological analysis of climate variables.

Previously performed basinwise analysis of this model noted a relationship between TC genesis locations
detected using the CSIRO scheme and the large-scale climate of the model (Sharmila et al., 2020).
Following the analysis of Sharmila and Walsh (2017), the current analysis includes both dynamical variables
such as omega at 500 hPa, VWS between 850 and 200 hPa, and 850 hPa relative vorticity (Rvorgs), along
with thermodynamic variables including the maximum potential intensity (MPI) and the 700 hPa relative
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Figure 3. TC genesis density bias in the model using the CSIRO and OWZP tracking schemes when compared against
observations (IBTrACS). TC genesis density is defined as the number of storms per 4° xX4° box region across the globe
for a 20 year period from 1990 to 2009. The black rectangular boxes indicate the major differences in genesis density
between the two schemes when compared with observations.

humidity (RHq0). The climatological analysis of the large-scale atmospheric fields for TC peak seasons
(July, August, September (JAS) for NH; October, November, December over NI; January, February,
March for SH) in both the ACCESS model and ERA-Interim reanalysis reveals some of the possible
causes behind the TC genesis bias. From this analysis, we notice that higher values of VWS and midlevel
omega (implying descent), lower values of RH;qo, MPI, and Rvorgsq lead to negative genesis density bias
using both the schemes across different ocean basins (not shown). Conversely, higher values of RHq,
MPI, and Rvorgsg and lower values of midlevel omega lead to positive bias with both the schemes. The
more positive TC genesis density bias in the model using the OWZP detection compared to observations
may be due to the more favorable large-scale climate within the model. Therefore, both the schemes show
a relationship between genesis bias and the large-scale environment of the model.

3.1.3. Mean Annual Number of TCs

Every year around 80 cyclones form across the globe under certain dynamical and thermodynamical condi-
tions (Emanuel, 2003; Gray, 1975). The asymmetry of global annual mean TC formations in the NH and the
SH is comparable to the observations using both the schemes (Figure S4). In addition, the SH is found to be
more active in the model compared to observations. Figure 4a summarizes the basin-wide mean annual fre-
quency of the observed TC genesis along with the model-simulated TCs using both the detection schemes
over the 20 year period. The global annual mean TC detections identified in the model output with the
OWZP scheme is 143, whereas IBTrACS observations have 82.4 detections. The OWZP detection scheme
shows 50% more TCs than the observed annual TC numbers, a statistically significant difference. In contrast,
the mean annual TC number in the model with the CSIRO detection scheme is 86.

‘We have performed a similar analysis with ERA-Interim data, also for 20 years from 1990 to 2009. The mean
annual number of detections using the OWZP scheme in the ERA-Interim is 75, which is close to the obser-
vations. In contrast, with the CSIRO detection scheme, the mean annual TC frequency is 36.5, which is 50%
less than observations, as shown in Figure S4. The finer resolution in the ACCESS model data (0.36°) com-
pared to the reanalysis (0.75°) leads to an increased number of detections in the model with both the tracking
schemes. The increased TC detections with increasing resolution using the CSIRO detection scheme may be
due to a more favorable large-scale climate and better simulation of TC intensity in high-resolution models.
The resolution-dependent 10 m wind speed threshold is derived from the azimuthal mean TC intensity pro-
file (Walsh et al., 2007). Murakami (2014) also noted that the CSIRO detection scheme underestimates
annual TC numbers in low-resolution reanalysis indicating that the TC intensity is too weak in reanalysis
data sets for its resolution if the only effect of the resolution is horizontal smoothing. In contrast, the more
favorable large-scale climate within the model leads to more detections using the OWZP scheme compared
to the reanalysis.
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Table 1

Basinwise Seasonal TC Frequency Correlations Between IBTrACS
Observations and the Two Detection Schemes Applied to ACCESS

(a) BASINWISE TC ANNUAL FREQUENCY

(b) BASINWISE TC PERCENTAGE OF FORMATION

I BTrACS
Sl oWZP(ERA)
[__JowzP(Model)
[ CSIRO(ERA)
I CSIRO(Model)

[ IBTrACS
[EERlOWZP(ERA)
[__JowzP(Model)
[ CSIRO(ERA)
[CIcsIRO(Model)

Fraction of TCs
o o
w kS

Genesis Frequency
w
o
e
N

=]
o

10

NA ENP WNP NI Sl

ESP AUS NA

ENP WNP NI SI

ESP AUS

Figure 4. Basinwise mean annual number of TC genesis detections in the ACCESS model and ERA-Interim using both
CSIRO and OWZP detection schemes and IBTrACS. (a) The total number of TCs and (b) the fraction of TCs in each
basin compared to the global number of TCs.

Figure 4b shows the relative percentage of the storms detected by both the tracking schemes in the model
and reanalysis across each of the ocean basins; for instance, the highest number of detections in the WNP
basin is reproduced similar to the IBTrACS. The fraction of TCs in reanalysis using the CSIRO scheme shows
that they have more TCs in the WNP and very few TCs in the NA. Therefore, the resolution-independent
scheme (OWZP) is observed to have superior performance in simulating TC mean annual numbers and frac-
tion of TCs in both the ACCESS model and ERA-Interim reanalysis data compared to the
resolution-dependent CSIRO scheme.

3.1.4. Seasonal Cycle of TC Genesis Frequency

The seasonal cycle of TC formation across different ocean basins using both CSIRO and OWZP detection
schemes with ACCESS model output is compared with IBTrACS, as shown in Figure S5. It is observed that
both the model and reanalysis data can capture the seasonal cycle in all the ocean basins except in the NI
Ocean, with good similarity to observations using both the schemes with the statistical correlations given in
Table 1. The seasonal cycle in the NI Ocean has a bimodal distribution with two observed peaks in the pre-
monsoon and postmonsoon seasons (observations) and is not captured well with CSIRO detection scheme in
both the model and reanalysis but captured reasonably well using the OWZP detection scheme. The NI basin
is where GCMs with some tracking schemes have difficulty in capturing the seasonal signal due to false
alarms of monsoon depressions being identified as TCs during the monsoon season (Murakami, Mizuta,
& Shindo, 2012; Murakami et al., 2013; Manganello et al., 2012; Camargo et al., 2016). The reason could
be that monsoon depressions have certain similar characteristics with actual TCs (Murakami et al., 2011).
The CSIRO detection scheme has higher TC detections in the monsoon season (July and August) in the
ACCESS model, which degrades the simulated seasonal cycle across this basin.

3.2. Interannual Variability

The most dominant natural mode of climate variability in almost all the
ocean basins, the El Nifio and Southern Oscillation (ENSO) phenomenon,
is observed to influence the interannual variability of TC genesis fre-
quency and its characteristics (Bell et al., 2013; Camargo et al., 2010).

Model Output
Therefore, in the current section, we have investigated the model's perfor-
OwWZP CSIRO OwWZPp CSIRO . . . C s c s
Basin D) sl (ERA) (ERa) ~ mmance in simulating the basin-wide interannual variability of the mean
annual TC frequency in the ACCESS model using both the detection
* * * *
LALDIEL B Lz Lol Ly L2 schemes when compared with the observed annual frequency. Table 2
ENP 0.97* 0.99* 0.99* 0.85* . .
WNP 0.99* 0.97* 0.99* 0.99" shows the interannual correlations between IBTrACS and detected
NI 0.67* 0.24 0.86* 027 annual TCs using both the detection schemes applied both to the model
SI 0.96* 0.95* 0.88* 0.97* output and to reanalysis. Overall, the detection schemes give better corre-
SP 0.94* 0.98* 0.89* 0.95* lations when applied to reanalysis than to the model output. More so, the
AUS 0.96* 0.97* 0.88* 0.97*

Note. Bold letters indicate statistically significant values;
*Indicates above 95% significance level.

OWZP scheme appears to give better correlations than the CSIRO
scheme, particularly in the reanalysis. We note that the correlations in
Table 2 are from a single simulation. The interannual correlations of TC
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Table 2

Correlations of the Interannual Variability of Annual TC Genesis Detections
From the Model Using Two Different Tracking Schemes Compared With
IBTrACS Observations

OWZP CSIRO OWZP CSIRO
Basin (model) (model) (ERA) (ERA)
MDR_NA 0.59* 0.52%* 0.88* 0.68*
ENP 0.3 0.62* 0.79* 0.2
WNP 0.58* 0.22 0.7* 0.53*
NI —0.12 0.18 0.38 0.03
SI 0.06 0.26 0.51* 0.29
SP 0.07 0.14 0.8* 0.63*
ESP 0.24 0.15 0.79* 0.73*
AUS 0.48* —0.09 0.55* 0.12

Note. Bold letters indicate statistically significant values;
*indicates 95% significance level.

annual count with observations in atmospheric GCMs tend to improve in
ensemble model simulations (Shaevitz et al., 2014; Strachan et al., 2013;
Vitart et al., 1997; Vitart et al., 1999).

We further examine the model's ability to capture the variations in TC
genesis locations during different phases of ENSO due to changes in atmo-
spheric circulation patterns for a period of 20 years from 1990 to 2009. The
model is run with interannually varying SSTs, and this partially transmits
the observed ENSO signal; therefore, the NH (SH) El Nifio and La Nifia
years within the model are considered similar to observations. The com-
posites of TC genesis frequency per 4-degree box region across the global
ocean basins are computed for El Nifio and La Nifia years given in
Table S5 separately for the NH and SH (Sharmila et al., 2020). We use
the definition of the ENSO index (the Oceanic Nifio Index from the
Climate Prediction Centre of the National Oceanic and Atmospheric
Administration) to determine the warm and cold phases. Figure 5 shows
the genesis density bias between El Nifio and La Nifia phases for both

observations and model-simulated TCs using both the schemes. The changes in TC genesis frequency due
to ENSO in observations (IBTrACS) show suppressed genesis during El Nifio in the Bay of Bengal (Felton
et al., 2013), increased genesis with a shift to the southeast region of the WNP (Wang & Chan, 2002; and
Camargo et al., 2007), increased genesis with a shift toward the southwest in the ENP (Chia &
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Figure 5. Geographical distribution of the difference in the TC genesis density of El Nifio and La Nifia years, with genesis
density being the number of TCs per 4°x4° box region per year, for (top) IBTrACS, (center) ACCESS model with the
OWZP detection scheme, and (bottom) ACCESS model with the CSIRO detection scheme.
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Figure 6. TC track density (the number of tracks per 4°x4° box region and per month) across the globe in both model and
observations. The values in the box regions indicate the average annual storms in each ocean basin.

Ropelewski, 2002), and suppressed genesis in the NA basin due to increased VWS (Shaman et al., 2009). In
the SH basins, there is increased genesis in the west of the SI Ocean (i.e., between 75°E and 135°E), sup-
pressed genesis in the west of Australian basin (i.e., between 90°E and 135°E), and increased genesis in
the SP close to the east coast of Australia (i.e., between 140°E and 170°E) (Kuleshov et al., 2008).

The model-simulated genesis frequency in the NH basins captures the increase and southeast shift in WNP,
and increase and a southwest shift in ENP using both tracking schemes, and the suppressed TC genesis fre-
quency in NA-MDR basin is captured to a lesser extent by the CSIRO detection scheme compared to the
OWZP scheme. In the SH basins, the increased genesis in the SI Ocean (west of 135°E) and the east coast
of Australia is captured moderately by both the schemes. Additionally, the suppressed genesis on the west
coast of Australia basin is captured to a greater extent by the OWZP scheme compared to the CSIRO scheme.
From the above analysis, we observe that both the tracking schemes can capture the major differences due to
the ENSO phenomenon in most ocean basins. A similar analysis is performed in the reanalysis data with the
OWZP scheme showing better performance compared to the CSIRO scheme (see Table 3 and Figure S6).

3.3. Geographical Distribution of Climatological TC Track Densities

The track density distribution is used to investigate the differences in the spatial distributions of TC tracks in
the model using both the tracking algorithms. The tracks of each TC for the 20 years (i.e., 1990-2009)
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Figure 7. (a) Histograms of TC lifetime in both observations and model using both detection schemes. (b) Distributions of
TC lifetime with the vertical line of the box indicate the median of the distribution, the left and right box edges are the 75th
and 25th percentiles, the whiskers indicate the maximum and minimum values, and the red crosses indicate the
outliers.

obtained from both the tracking schemes are composited per 4-degree box region and year across the globe,
as shown in Figure 6. The OWZP scheme detected tracks have a wider spatial extent of track densities,
indicating longer tracks and higher genesis frequency compared to the CSIRO detection scheme. The
simulated track densities of both the schemes are well comparable with observations (IBTrACS) in most
of the basins. The OWZP scheme better captures the track density across the Atlantic basin compared to
the CSIRO scheme. In addition, the track density bias of Figure S7 shows strong negative bias in the
north of the WNP basin using both the schemes and negative bias on the east coast of the ENP basin
using the CSIRO detection scheme. Furthermore, the OWZP scheme has a more positive track bias in
agreement with the positive bias in the genesis plots (Figure 3).

Figure 7 shows the TC lifetime histograms of observations and storms

10°N
00.
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20°S 1
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40°S 1

detected in the model using both the schemes and their TC lifetime distri-
butions. The CSIRO detected storms have shorter duration compared to
the OWZP detected storms that have a longer duration almost similar to
the observations. Similar results are observed in the reanalysis data with
OWZP detected storms having longer lifetimes (Figure S8). These differ-
ences in the storm’s lifetime may be partly due to differences in the dura-
tion thresholds, with 24 h in the CSIRO scheme and 48 h in the OWZP
scheme. A recent study by Horn et al. (2014) also noted that TC lifetime
is highly sensitive to the duration threshold of the tracking schemes.

75°E

95°E 115°E
(b) ERA-Interim
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3.4. Case Studies of TCs Detected by Both the Tracking Schemes
Within the Model in the Australian Region
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The CSIRO detected storms are found to be a subset of the OWZP detected
storms in the ACCESS model data in all the basins, as shown in Figure S9.
To understand the differences and similarities between the TCs detected
using both the tracking schemes, the particular year 1990 is selected as a
test case to see in detail the behavior of these storms. Figure 8a shows that
CSIRO tracks are shorter and are a subset of OWZP tracks in the model,
except one case of the CSIRO scheme, which has a different formation
latitude and track compared to the OWZP scheme. A similar track analy-
sis is performed using ERA-Interim reanalysis over the Australian region,
and we observe that the CSIRO tracks are a subset of the OWZP detected

v tracks with lengthier tracks in the OWZP detected storms (Figure 8b).

75°E

Figure 8. (a) TC tracks in ACCESS using both OWZP (black) and CSIRO
(magenta) schemes. (b) TC tracks of the storms detected in the

95°E 115°E

135°E 155°E 175°E Also, the OWZP and the CSIRO detected tracks in the reanalysis closely
resemble the IBTrACS tracks but are shorter. This may be partially due
to an issue in IBTrACS rather than an inherent failing in the TC detection

ERA-Interim using both CSIRO (magenta) and OWZP (black) detection schemes. The lack of a consistent criterion for extratropical transition may
schemes and IBTrACS (blue) for the year 1990. be contributing to an artificial extension of IBTrACs well into the SH
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midlatitudes (Sinclair, 2004). This can also be seen in Figure 6 south of New Zealand. The CSIRO scheme has
fewer tracks across the basin aligned with fewer detections in the reanalysis. These results indicate that
although both the tracking schemes are fundamentally different they show similarities in their storm tracks
with longer tracks using the phenomenon-based tracking scheme (OWZP).

4. Discussion and Conclusion

In the current study, we examine differences between a phenomenon-based tracking scheme (OWZP) and a
more traditional TC tracking scheme (CSIRO) in estimating the TC formation characteristics in the reana-
lysis and in a high-resolution ACCESS 1.3 climate model simulations run with interannually varying SSTs
when compared against observations. A comparison of the sensitivity of TC formation to these two tracking
schemes both in the model and reanalysis data is illustrated in Table 3. Although not many variations are
observed in geographical TC distribution and interhemispheric asymmetry of global TC frequency, never-
theless noticeable differences can be observed in spatial TC genesis density bias regionally. The NA-MDR
and the ENP regions in the model show a higher underestimation by the CSIRO scheme compared to the
OWZP scheme (Table S3). The climatological biases in the large-scale climate variables of the model corre-
spond to the biases of the genesis of both the tracking schemes (Sharmila et al., 2020). Different studies have
noted that the climate models that simulate the TCs are sensitive to the convective parameterization
schemes for producing deep convection (Camargo & Wing, 2016; Kim et al., 2012; Zhao et al., 2012).
Therefore, either running the global models at high horizontal resolution (around 1 km) without the
requirement of parameterization schemes or improving convection schemes may improve the model simu-
lated large-scale variables that reduce the genesis biases.

Similarly, variations are observed in the global mean annual TC frequency of the model in both the schemes.
Here the OWZP scheme shows higher frequency, while the CSIRO scheme is more comparable to the obser-
vations. The mean annual number in the reanalysis using the OWZP scheme is similar to observations, while
the CSIRO scheme has fewer detections compared to observations. The increased TC numbers in the
ACCESS model using the OWZP scheme may be due to grid resolution bias of the detection scheme but is
smaller compared to the effect of the model physics, as stated by Tory, Chand, McBride, et al. (2013).
Therefore, the increased number of detections using the OWZP detection scheme may be due to the more
favorable large-scale climate of the ACCESS model. The reduced number of detections in the reanalysis
using the CSIRO scheme is due to a resolution-dependent 10 m wind speed threshold, which causes an
underestimation of TC numbers in the low-resolution reanalysis data sets (Hodges et al., 2017; Murakami,
2014). The resolution-dependent (CSIRO) TC tracking scheme has better performance in the
high-resolution ACCESS model compared to the lower resolution reanalysis; we speculate that the model
has improved the simulation of TC intensity compared with the reanalysis. ERA-Interim reanalyses are also
not a perfect representation of TC characteristics, and the consistent underrepresentation of TC intensity in
these reanalyses (e.g., Murakami, 2014) would lead to less reliable detection and (arguably) shorter TC
tracks. Accordingly, a high-resolution model with improved model physics gives a better simulation of TC
frequency and intensity characteristics, an improvement that is greater than merely the effect of less smooth-
ing due to the improved model horizontal resolution (Walsh et al., 2013).

Also, the TC seasonal cycle of the model and reanalysis using both the tracking schemes has good statistical
correlations when compared with observations in all the ocean basins except the NI Ocean, where the
CSIRO tracking scheme has a weaker correlation due to higher TC detections in the monsoon season. In
comparison, the OWZP scheme eliminates monsoon low detections in the NI Ocean. The model has statis-
tically significant interannual correlations in the NA and ENP basins using the CSIRO scheme. In contrast,
using the OWZP scheme, significant correlations are noted in the NA, WNP, and AUS basins (Table 2). The
OWZP scheme has better interannual correlations in the reanalysis compared to the CSIRO scheme. The
weaker interannual correlations in the model using the OWZP scheme compared to reanalysis may be
due to the model's performance in simulating the large-scale fields and their temporal variation. It is also
evident from the study that the CSIRO scheme detected storms are a subset of the OWZP detected storms,
with shorter TC lifetime.

Although there are specific differences, the model's performance in simulating the geographical distribution,
the relative percentage of TCs in each basin, seasonal variability (except NI), and ENSO-induced changes in
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TC genesis locations using both schemes are comparable to the observations. From this analysis we see that
the resolution-independent scheme has better performance in both the ACCESS model and the reanalysis.
In contrast, the resolution-dependent scheme has better performance in simulating TC frequency character-
istics in the ACCESS model compared to the reanalysis. Though model resolution plays a role in simulated
TCs, it is not the only factor for better TC simulation in climate models. Therefore, this improved TC simula-
tion in the high-resolution model using the CSIRO scheme may be due to increased horizontal resolution as
well as improved model physics.

Future studies focus on applying this phenomenon based tracking scheme (OWZP) and
resolution-dependent tracking scheme (CSIRO) to other current state-of-the-art high-resolution climate
models. Comparisons across models are essential in climate projection studies as there exist differences in
projections with different tracking schemes due to the fundamental differences between tracking schemes
and also to threshold differences (Horn et al., 2014). Models with increased resolutions might reduce the dif-
ferences between the tracking schemes as they better simulate the TC intensities. However, there are differ-
ences in detecting weaker storms with different schemes (Camargo & Wing, 2016). Therefore, there is a
requirement for a tracking scheme that gives consistent results with different models at different resolutions.
Also, applying these two schemes in idealized simulations (e.g., aqua-planet configurations) may improve
our understanding of the large-scale climate controls on TC formation, as well as better understanding
the influence of detection schemes on these relationships.
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