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T his study of the general applicability of the  
 26.5°C sea surface temperature (SST) threshold  
 for tropical cyclogenesis [Palmén 1948; Gray 

1968; see Galvin (2008) for a review] depends on the 
definition of a discrete development time. Tropical 
cyclone formation does not occur instantaneously, 
but rather is the result of potentially many days of 
preconditioning of the local environment of the pre-
cursor vortex (Zehr 1992; Bister and Emanuel 1997; 
Montgomery et al. 2006; Nolan 2007; Dunkerton et al. 

2009). It is the complexity of the tropical cyclogenesis 
process that has precluded the general acceptance of 
a definition of a unique development time (IWTC-
VII 2011). Because the main study focuses on the 
26.5°C SST threshold’s utility as a factor that distin-
guishes between incipient systems that do or do not 
achieve sufficient strength to become self-sustaining 
circulations, the first occurrence of a 35-kt (18 m s−1) 
intensity estimate is used as the definition of devel-
opment (Laing and Evans 2011). In this supplement, 

ABSTRACT. A pair of climatologies is evaluated here to assess the sensitivity of the results presented 
in the main study both to the definition of tropical cyclone development time and to the application 
of the 35-kt (18 m s−1) initial intensity limit. In the first climatology, the earliest possible definition of 
storm formation time is adopted. By adopting this definition, focus is shifted to the tropical cyclone 
precursor, with the result that cyclogenesis tends to occur closer to the equator and the number of cold 
events is reduced. Despite this change in focus, the coupling index threshold for a 5% type-II error 
rate increases by just 1° from 22.5°C in the main study to 23.5°C in this investigation. The second cli-
matology employs a dataset that is generated without the initial intensity restriction that is used in the 
main study to eliminate storms whose developments are not captured by the best track. The removal 
of this condition is shown to be inadvisable because, although it increases the number of storms in the 
dataset by 6%, it necessitates the ad hoc removal of invalid events. Once these corrections are applied, 
the results from this second climatology are very similar to those of the main study, demonstrating that 
the application of the initial intensity restriction does not affect the conclusions in a meaningful way.
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the results of two investigations designed to test the 
sensitivity of the study’s findings to the definition of 
development time are assessed.

SENSITIVITY TO DEVELOPMENT-TIME 
DEFINITION. The definition of development time 
used in the main study is the first occurrence of a 35-kt 
wind speed in the International Best Track Archive for 
Climate Stewardship (IBTrACS; Knapp et al. 2010) for 
all basins but the west Pacific, where a central pressure 
estimate of 999 hPa is used instead (Koba et al. 1991). 
This definition is consistent with that of Dare and 
McBride (2011) and the goals of the study as noted in 
the “Background” section, but it focuses on the early 
intensification stage of the storm rather than on the 

evolution of the precursor tropical depression. To 
determine the sensitivity of the results to this choice of 
development-time definition, an analogous analysis is 
presented with the time of tropical cyclogenesis defined 
as the first IBTrACS entry from the Regional Special-
ized Meteorological Center (RSMC) responsible for the 
region in which the storm develops. Because tracking 
strategies for weak disturbances vary between RSMCs, 
this is expected to introduce some heterogeneity into 
the results (J. Knaff 2014, personal communication); 
however, it is a defensible definition of development 
time that lies as the low-intensity extreme of poten-
tial candidates. This makes it an ideal framework in 
which to evaluate the sensitivity of the high-intensity 
development definition adopted in the main study. 
The relaxation of the 35-kt wind speed requirement 
permits the inclusion of systems that do not develop 
beyond tropical depression strength, thus increasing 
the number of events considered from 1,757 in the 
original study to 2,026 here.

With this revised definition of development time, 
the SST histogram shifts toward higher values as 
formations occur deeper in the tropics (Fig. ES1). 
As the median absolute formation latitude decreases 
from 14.6° in the main study to 13.4° here, the median 
area-averaged development SST increases from 28.4° 
to 28.5°C and the peak moves into the 28.5°–29.5°C 
bin. Consistent with this shift is a reduction in the 
number of cold events from 65 to 46, an adjustment 
that is spread across basins (Fig. ES2).

A subtle shift toward lower dynamic tropopause 
pressures (higher tropopause heights) for warm 
events is consistent with lower development lati-
tudes, although the peak remains centered at 125 hPa 
(Fig. ES3). The environmental properties shown 
in Fig. ES3 are similar to those of the main study, 
including the presence of a bimodal distribution in 
the cold-event histogram. However, the secondary 
cold-event peak is broadened under this definition 
of tropical cyclogenesis, with 20% of cold-SST cases 
occurring in association with a tropopause at 185 hPa 
or below. Only 15% of cold events in the main study 
occur under such a lowered tropopause.

The pathway-dependent distribution of warm 
events remains essentially unchanged from the main 
study despite the additional cases introduced by the 
change in definition of development time (Fig. ES4). 
However, the relative contributions of the tropical 
transition (TT) pathways to the cold-event climatol-
ogy is increased as the number of non-TT cases drops 
from 36 to 20. The latter is consistent with the slight 
equatorward shift of development latitude and warmer 
SSTs, which results in a number of the borderline cold 

Fig. ES1. As in Fig. 1, but with the development time 
defined as the first entry in the IBTrACS database. The 
distribution of storm-centered 2° area-average SST 
at tropical cyclone development time is shown (gray 
bars plotted against the left-hand axis, corresponding 
to the “Area” entry in the legend). The cumulative 
distribution functions for four different representa-
tions of SST are plotted against the right-hand axis, 
with line colors as indicated in the legend. Because of 
the modified development-time definition, the 48-h 
curves (red and blue) are directly superposed on the 
instantaneous curves (green and black, respectively). 
The Area designation indicates 2° area averaging, with 
the results of the study qualitatively insensitive to 
reasonable changes in the averaging radius. The Area 
cumulative distribution function corresponds to the 
histogram plotted in gray bars. Binning is performed at 
1°C intervals centered on integer SST values between 
the 20° and 34°C extrema of the dataset: the 26°C bin 
therefore contains all events that occur over waters 
between 25.5° and 26.5°C.
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Fig. ES2. As in Fig. 3, but with the development time defined as the first entry in the IBTrACS data-
base. The formation locations of cold events between 1989 and 2013 are shown. The seasonal-mean 
SST is plotted in the background using colors as indicated on the color bar, with the 26.5°C isotherm 
highlighted with a thin dashed line for reference. The “season” is defined as the summer and fall for 
each hemisphere, corresponding to Jun–Nov in the Northern Hemisphere and Dec–May in the South-
ern Hemisphere. A black line at the equator divides the separate climatologies. The seasonal-mean 
positions of the 150-, 175-, and 200-hPa isobars on the dynamic tropopause are shown by gray lines, 
with the lower-pressure isopleths positioned equatorward of their higher-pressure counterparts. The 
symbol for each tropical cyclone formation location is plotted according to the storm development 
pathway as indicated in the plot legend.

Fig. ES3. As in Fig. 4, but with the development time 
defined as the first entry in the IBTrACS database. 
The probability distribution of the mean dynamic tro-
popause pressure within 10° of the formation location 
of the tropical cyclone is shown. Storms are classified 
as “warm” or “cold” depending on their formation-
time SST value and plotted with red and blue bars, 
respectively. Binning is performed at 25-hPa intervals 
centered on the values shown along the abscissa.

Fig. ES4. As in Fig. 5, but with the development time 
defined as the first entry in the IBTrACS database. The 
frequency of occurrence of warm-SST (red) and cold-
SST (blue) tropical cyclogenesis events by development 
pathway is shown. The number of events in each group 
is annotated at the top of the bar.
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non-TT events shown in Fig. 6 being classified as warm 
events here. Despite this change in the prevalence of the 
TT-based pathways in the cold-event climatology, the 
shapes of the pathway-dependent cumulative distribu-
tion functions of formation SST are not dramatically 
affected by the change in development-time definition 

(Fig. ES5). However, the overall shift toward warmer 
SSTs means that the 26.5°C SST threshold crosses the 
cumulative distribution at the 2.5% level instead of 4% 
in the main study, corresponding to the percentage of 
storms that form over subthreshold SSTs. This changes 
the “acceptable” type-II error rate accordingly to 2.5%, 
a value that is approximately half of that found by 

Dare and McBride (2011). This change illustrates 
the sensitivity of the threshold model that results 
from the modified definition of tropical cyclone 
development time. To enable direct comparison 

Fig. ES5. As in Fig. 6, but with the development 
time defined as the first entry in the IBTrACS 
database. The pathway-dependent cumulative 
distribution functions of development SST are 
shown. Binning is performed at 1°C intervals as 
described for Fig. ES1 and results are plotted 
using different line colors for individual pathways 
as labeled (black for the cumulative distribution of 
all events). The 2.5th percentile line is plotted in 
gray, with the values of its intersection point with 
the cumulative distribution functions annotated in 
the appropriate color for the pathway. The 26.5°C 
threshold is identified with a thin vertical line.

Fi g. ES6. As in Fig. 7, but 
with the development time 
defined as the f irst entry in 
the IBTrACS database. The 
pathway-dependent dynamic 
tropopause pressure, as defined 
for Fig. ES3 are shown. Indi-
vidual panels present develop-
ment-time SST and tropopause 
pressure (black dots) for the 
formation pathway indicated 
in the plot title. Gray shading 
appears as a background for 
SST values below 26.5°C, with 
light gray for dynamic tropo-
pause pressures above 150 hPa 
and dark gray for lower tropo-
pauses. The 150-hPa distinc-
tion is used because it repre-
sents the local minimum in the 
Fig. ES3 distribution for cold 
events. Horizontal and verti-
cal dotted lines represent the 
category-mean pressure and 
SST, respectively. The linear 
model that best describes the 
relationship between these 
quantities is plotted with a solid 
line if the relationship is signifi-

cant and with a dashed line for reference if it is not. The square of the correlation coefficient (R2) is provided in the 
top-right corner of each panel. The portion of the SST plane that experiences a notable increase in event count 
is circled with a gray dashed line in (d) as discussed in the “Sensitivity to development-time definition” section.
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between these results and those of both the main study 
and Dare and McBride (2011), both the 2.5% and 5% 
type-II error rates will be considered in this analysis.

The significant negative relationships between 
SST and pressure on the dynamic tropopause for 
TT-based developments identified in the main study 
are also evident in Fig. ES6. Although the correlation 
coefficient for weak TT events falls from 0.48 to 
0.33 (R2 from 0.23 to 0.11), it remains significant at 
the 99% level for 298 events. Similarly, the bimodal 
distribution of dynamic tropopause pressures for 
cold events (Fig. ES3) is explicable by the presence of 

a depressed-tropopause subset of TT developments 
that occur over subthreshold SSTs.

The utility of the coupling index in reducing 
the slow ramp-up of the strong TT category for 
subthreshold SST values remains evident (cf. Figs. ES5 
and ES7). Although the distributions of the coupling 
index for the TT-based categories remains essentially 
unchanged, non-TT developments are slightly shifted 
toward larger coupling index values (Table ES1). This 
increase is consistent with the increased relative 
prevalence of elevated tropopauses (Fig. ES3) that 
results from formations deeper in the tropics under 
this definition of development time.

The 2.5% and 5% type-II error rates correspond 
to coupling index values of approximately 25.5° and 
23.5°C, respectively, with the latter being more directly 
comparable to the results of the main study (22.5°C). 
These values are obtained from the abscissa of Fig. 
ES7 for the points at which the relevant percentile 
line intersects with the cumulative distribution func-
tions for the TT-based categories. The 1°C increase in 
the threshold coupling index value for the 5% type-II 
error rate is the result of the introduction of several TT 
events over very warm waters (SST ~30°C) and elevated 
tropopauses (cf. the encircled region in Fig. ES6d 
with Fig. 6). These events are likely characterized by 
extratropical precursors with wind speeds below 35 kt 
that penetrate unusually deeply into the tropics before 
intensifying as they transition into tropical cyclones.

From a climatological perspective, the 23.5° and 
25.5°C coupling index thresholds expand the cover-
age of regions with the potential for TT-based devel-
opments beyond those identified using the 22.5°C 
threshold in the main study (Fig. ES8). In particular, 
the increased sensitivity afforded by the 2.5% type-II 
error rate (corresponding to the 25.5°C coupling 
index threshold) comes at the cost of less geographical 
specificity with respect to the regions in which tropical 
cyclones and their cold analogs may form.

Combining the 26.5°C SST threshold for non-TT 
events with coupling index thresholds for TT-based 
formations yields improved performance in terms of 
reduced absolute error rates and pathway dependence 
for both the 2.5% (Table ES2) and 5% (Table ES3; 
provided for comparison with Table 2 of the main 
study) type-II error rates. In the latter, error rates in 
the TT-based categories are stable, but they are double 
those for non-TT developments by construction. Users 
of such a strategy (coupling index thresholds defined 
by 5% type-II error rates using the revised definition 
of development time) must be aware of the fact that 
TT-based formations above the 23.5°C coupling index 
threshold are twice as likely as non-TT developments 

Table ES1. Comparison of pathway-specific statistics 
for SST and the coupling index between the main 
study (denoted “Main”) and the investigation 
presented in “Sensitivity to development-time 
definition” (denoted “To”).

Pathway Event count Median SST
Median 

coupling index

Main To Main To Main To

Non-TT 1458 1665 28.4 28.6 16.8 17.7

Weak TT 248 298 28.2 28.4 13.8 13.2

Strong TT 51 67 27.6 27.9 13.7 13.6 

Fig. ES7. As in Fig. 8, but with the development time 
defined as the first entry in the IBTrACS database. The 
pathway-dependent cumulative distribution functions 
of development-time coupling index in the environ-
ment are shown, plotted as in Fig. ES5, except for 
coupling index binning performed at 5°C intervals from 
−10° to 40°C. The 2.5% and 5% type-II error rates are 
plotted with horizontal gray lines, with the 25.5° and 
23.5°C coupling index thresholds plotted with vertical 
lines: each intersection is marked with a black “×.”
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below the 26.5°C SST threshold. However, the 
performance of the combined thresholds is consistent 
with the findings of the main study in general. Thus, 
the overall conclusions remain valid across the full 
range of reasonable development-time definitions: 
the “earliest” shown here to the “latest” adopted in 
the main study.

SENSITIVITY TO INITIAL INTENSITY 
RESTRICTION. A maximum initial intensity of 
35 kt in the first record of the IBTrACS entry for a 
storm is applied in the main study to eliminate cases 
in which the development of the system is essentially 
missing from the best track dataset.1 The sensitivity of 
the results to the removal of this restriction is evalu-
ated here; although, as will be shown, its application 

effectively eliminates a set of 
spurious entries in the dataset 
that arise when storms cross 
the boundaries of the areas of 
responsibility of different RSMCs. 
For this reason, the following 
results should be interpreted 
purely as a sensitivity test rather 
than as a viable alternative to the 

approach employed in the 
main study.

During the creation of 
the development pathway 
climatology, McTaggart-
Cowan et al. (2013) applied 
a maximum initial inten-
sity limit of 35 kt based 
on t he sa me rat iona le 
described here. As a first 
step, the McTaggart-Cowan 
et al. (2013) climatology 
was therefore regener-
ated with this condition 
relaxed. This process does 
not change the classifica-
tion of any storms already 
in the dataset but extends 
the climatology to include 
weak systems that were not 

1 The intensity condition is 
expressed as a minimum 
999-hPa central pressure in 
the west Pacific as noted in the 
“Sensitivity to development-
time definition” section.

Table ES2. Pathway-specific type-II error rates (storm formation on the cold 
side of the threshold) for the traditional 26.5°C SST threshold (first column) 
and a 25.5°C coupling index threshold associated with a 2.5% type-II error 
rate in this investigation (second column). The combined threshold (third col-
umn) uses the criteria corresponding to the values in boldface in the previous 
two columns to enhance the performance of the ingredients-based tropical 
cyclogenesis model across the full range of development environments.

Pathway

Type-II error rate (%)

26.5°C SST 25.5°C Coupling index Combined thresholds

Non-TT 1.2 6.5 1.2

Weak TT 3.7 3.0 3.0

Strong TT 22.4 3.0 3.0

All 2.3 5.8 1.5

Table ES3. As in Table ES2, but for the coupling index threshold associated 
with the 5% type-II error rate in this investigation (23.5°C), for comparison 
with Table 2.

Pathway

Type-II error rate (%)

26.5°C SST 23.5°C coupling index Combined thresholds

Non-TT 1.2 14.2 1.2

Weak TT 3.7 4.7 4.7

Strong TT 22.4 6.0 6.0

All 2.3 12.5 1.8

Fig. ES8. As in Fig. 9, but with the development time defined as the 
first entry in the IBTrACS database. The climatology of mean coupling 
index values (plotted according to the color bar as 25.5° and 23.5°C for 
the 2.5% and 5% type-II error rates, respectively) for the summer–fall 
period in each hemisphere is shown, as for Fig. 2. Also plotted is the 
formation location of each TT event (dots, color-coded by pathway as 
shown in the legend) and each subtropical storm (black crisscrosses) 
in the best track dataset over 1989–2013. The seasonal-mean 26.5° and 
21°C SST isotherms are plotted with red and salmon lines, respectively.
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originally considered. The results presented in this 
section are based on this augmented set of develop-
ment pathway classifications.

Over the 1989–2013 period, 120 storms were elimi-
nated from the dataset based on the initial intensity 
limit. The number of events thus rises from 1,757 to 
1,877 when this restriction is lifted. A disproportionate 
number of the added storms are cold events (23 cases; 
19%), prompting further analysis of the characteristics 

of these IBTrACS entries (Table ES4). The majority 
of the added storms are found in the South Pacific 
basin (16 cases; 70%), where tracks crossing the area 
of responsibilities of the different RMSCs in the region 
sometimes appear as new entries in the database. 
Such entries appear primarily for tropical cyclones 
moving poleward from RSMC Nadi (Fiji) to RSMC 
Wellington (New Zealand), which change regions as 
they transit 25°S. Many of these storms are near peak 

Table ES4. Description of the 23 cold events added by the relaxation of the 35-kt maximum initial intensity limit. 
The validity of each entry (fifth column) is evaluated using best track information from sources other than the 
RSMC responsible for the applicable region. Basin acronyms are for the North Atlantic (NA), South Pacific (SP), 
south Indian (SI), and west Pacific (WP) Oceans. Common descriptions referenced in the final column.

Year Name basin SST 
(°C)

Initial wind  
(kt)

Pathway Valid Description

1989 Edme SI 24.5 52 Non-TT No Explanation 1a

1989 Hinano SP 25.8 35 Weak TT Yes Explanation 2b

1989 Lezissy SI 26.3 44 Weak TT No Duplicate entry in IBTrACS (1989097S13069)

1991 Arthur SP 25.5 35 Non-TT Yes Explanation 2b

1991 Fatima SI 26.1 72 Non-TT No Explanation 1a

1992 Hettie SP 26.5 45 Strong TT No
Late–life cycle entry by RSMC Wellington 
(tropical stage 1992084S10212)

1992 Joni SP 22.0 50 Non-TT No Explanation 3c

1993 Lin SP 25.1 35 Non-TT No Explanation 4d

1993 Mick SP 24.6 40 Non-TT No Explanation 4d

1993 Nisha SP 24.4 55 Non-TT No Explanation 4d

1993 Oli SP 25.3 40 Non-TT No Explanation 4d

1993 Prema SP 24.2 60 Non-TT No Explanation 4d

1994 Sarah SP 24.2 60 Weak TT No Explanation 3c

1994 Thomas SP 24.9 45 Non-TT No Explanation 3c

1996 Dale WP 23.8 55 Strong TT No
Late–life cycle entry by RSMC Tokyo 
(tropical stage 1996307N09154)

1997 Harold SP 26.1 50 Non-TT No
Wind estimates start only after storm tracks 
into RSMC Nadi’s area of responsibility from 
the west (RSMC Brisbane)

1999 26F SP 22.6 40 Strong TT No Explanation 4d

1999 Gita SP 26.0 40 Strong TT No Explanation 4d

2000 TD SP 25.7 40 Non-TT No Explanation 4d

2000 Wene EP 25.1 45 Weak TT No
Begins after storm tracks into RSMC 
Honolulu’s area of responsibility from the 
west (RSMC Tokyo)

2001 Allison NA 26.5 40 Strong TT Yes
Early-season strong TT that made landfall 6 h 
after development

2001 Waka SP 23.9 75 Non-TT No Explanation 3c

2005 Epsilon NA 23.2 45 Strong TT Yes Late-season strong TT a 
a Explanation 1: Begins after storm tracks into RSMC Réunion’s area of responsibility from the east (RSMC Perth).
b Explanation 2: Rejected by the original McTaggart-Cowan et al. (2013) threshold.
c Explanation 3: Wind estimates start only after storm tracks into RSMC Wellington’s area of responsibility from the north (RSMC Nadi).
d Explanation 4: Begins after storm tracks into RSMC Wellington’s area of responsibility from the north (RSMC Nadi).
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intensity as they move southward and should clearly 
not be included as new developments in this study. 
To eliminate these systems, no formation events from 
the South Pacific basin are considered poleward of 
25°S. This change in technique eliminates one of the 
storms from the main study (an unnamed non-TT 
development identified as 197054S18201 in IBTrACS) 
and drops the number of cases in this investiga-
tion to 1,864. Additional intervention is required to 
remove the other invalid cases identified in Table ES4 
individually, further decreasing the case count to its 
final value of 1,857. Because these ad hoc adjustments 
are made only for the cold-event subset, there is the 
potential for introduction of a bias in the final dataset. 
However, because the percentage of valid cold events 
added to the climatology matches that of the main 
study (four cases; 4%, compared to 3.7% in the main 
study) and the bulk of invalid entries naturally leads 
to cold SSTs that were readily flagged as suspicious 
(Table ES4), the adjusted dataset is believed to be of 
sufficient quality to continue with this investigation.

Following this correction of the best track dataset, 
the relaxation of the initial intensity restriction leads to 
results that are essentially indistinguishable from those 
of the main study. The plots and discussions therein 
remain valid for this investigation and lead to a coupling 
index threshold value of 22.5°C despite the expansion 
of the database. The type-II error rates for the SST, 
coupling index, and combined thresholds remain almost 
unchanged from those of the main study (cf. Table ES5 
and Table 2). Thus, the application of the initial intensity 
threshold successfully reduces the number of invalid 
entries in the dataset without having any appreciable 
impact on the results or conclusions of the study.
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Weak TT 5.6 5.9 5.9

Strong TT 28.1 5.3 5.3

All 3.7 13.1 3.1
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