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ABSTRACT

In this paper the concept of track integrated kinetic energy (TIKE) is introduced as a measure of seasonal

Atlantic tropical cyclone activity and applied to seasonal variability in the Atlantic. It is similar in concept to

the more commonly used accumulated cyclone energy (ACE) with an important difference that in TIKE

the integrated kinetic energy (IKE) is accumulated for the life span of the Atlantic tropical cyclone. The IKE

is, however, computed by volume integrating the 10-m level sustained winds of tropical strength or higher

quadrant by quadrant, while ACE uses the maximum sustained winds only without accounting for the

structure of the storm. In effect TIKE accounts for the intensity, duration, and size of the tropical cyclones.

In this research, the authors have examined the seasonality and the interannual variations of the seasonal

Atlantic TIKE over a period of 22 yr from 1990 to 2011. It is found that the Atlantic TIKE climatologically

peaks in the month of September and the frequency of storms with the largest TIKE are highest in the eastern

tropical Atlantic. The interannual variations of the Atlantic TIKE reveal that it is likely influenced by SST

variations in the equatorial Pacific and in the Atlantic Oceans. The SST variations in the central equatorial

Pacific are negatively correlated with the contemporaneous seasonal (June–November) TIKE. The size of the

Atlantic warm pool (AWP) is positively correlated with seasonal TIKE.

1. Introduction

The concept of the integrated kinetic energy (IKE)

of a tropical cyclone, first introduced by Powell and

Reinhold (2007), was motivated by its ability to rep-

resent the destructive potential of the storm. Powell and

Reinhold (2007) argue that the intensity of the storm as

measured by the Saffir–Simpson scale is actually a poor

measure of the destructive potential of the storm. This

point is illustrated somewhat by the extensive damage

in the U.S. Gulf states caused by Katrina in 2005, which

was a storm weaker than Camille, which caused far less

destruction. More recently Irene in 2011 and Isaac and

Sandy in 2012, while relatively weak on the Saffir–

Simpson scale, caused considerable damage and mor-

tality. In terms of IKE all of these storms would be rated

significantly greater owing to the relatively large extent

of the tropical storm winds. As discussed in Powell and

Reinhold (2007), kinetic energy scales with the surface

stress that forces storm surge and waves, and the hori-

zontal wind loads specified by the American Society of

Civil Engineers (ASCE 2005) also scale with kinetic en-

ergy, making IKE a relevant metric to represent the de-

structive potential of the tropical cyclone.

In this paper we extend the concept of IKE by accu-

mulating IKE over the life span of the tropical storm to

what we define as the track integrated kinetic energy

(TIKE).1 It is apparent that TIKE has some similarity to
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accumulated cyclone energy (ACE; Bell et al. 2000) and

power dissipation index (PDI; Emanuel 2005, 2007) in

that all these metrics are integrated over the life span of

the tropical storm.ACE and PDI, however, are critically

dependent on the intensity with the former using the

square and the latter using the cube of the maximum

sustained wind measured at 6-h intervals. Furthermore,

Yu et al. (2009) and Yu and Chiu (2012) suggest that

ACE inordinately overestimates the energy of the trop-

ical cyclones in comparison to IKE as it does not take into

account the structure of the cyclone. In fact they suggest

the discrepancy between IKE and ACE increases expo-

nentially with increasingmaximum sustainedwinds of the

tropical cyclone. As discussed in Powell and Reinhold

2007, this maximum sustained wind is the highest 1-min-

average wind measured at 10m above the surface with

unobstructed exposure (National Weather Service 2006).

Obviously this quantity is rarely measured directly.

It is often estimated empirically from flight level re-

connaissance wind measurements (Franklin et al. 2003).

Other alternative measures like using satellite imagery

(Dvorak 1975) or pressure–wind relationship (Kraft

1961) are also used to estimate the wind intensity of

the tropical storms in the prereconnaissance period.

However, both PDI and ACE are known to ignore the

spatial distribution of these strong winds, which is ar-

gued to be critical in assessing the destructive potential

of landfalling tropical cyclones (Powell and Reinhold

2007). Therefore, the motivation of this paper is to un-

derstand the seasonal Atlantic tropical cyclone activity

in terms of the accumulated IKE of the observed storms.

2. Methodology

We calculate TIKE for each named system in the

Atlantic hurricane basin from 1990 through 2011 by

summing the IKE values every 6 h over the lifetime of

the storm. IKE is computed using wind speed and radii

data from the Colorado State University Extended Best

Track dataset (Demuth et al. 2006). This dataset is pres-

ently available from 1988 through 2011, but the data in

1988 and 1989 are incomplete and are therefore not in-

cluded in our analysis. The wind radii are based on the

National Hurricane Center’s poststorm estimates from

2004 onward and on operational estimates prior to 2004.

Therefore, interpretation of interannual and longer var-

iability of TIKE has to be done with caution since year

to year changes are subject to variations of data quality

and quantity.

IKE is calculated for each Atlantic tropical cyclone

at 6-h intervals at which the storm has maximum sus-

tained winds of 34 kt (;17.5m s21) or greater, provided

that operational or poststorm data are available. There

are a few occasions in which wind radii data are un-

available; this primarily occurs in storms that were not

monitored operationally and were discovered in post-

seasonal analysis. We believe omitting these cases will

have a negligible impact on the results because of the

weakness and short duration of such storms. We also

note that IKE is designed as an indicator of a storm’s

destructive potential (Powell and Reinhold 2007), and,

therefore, does not account for wind speeds below trop-

ical storm strength.

The formulas to calculate IKE from the wind radii

data were originally published by Powell and Reinhold

(2007), however, these formulas were based on radii

from the Hurricane Research Division (HRD) Real-

time Hurricane Wind Analysis System (H*Wind). Op-

erational wind radii tend to be smaller than those from

H*Wind (Moyer et al. 2007), and, therefore, we utilize

new formulas described in the appendix. These formulas

calculate kinetic energy by using an estimation of the

mean wind between each operational quadrant wind

radius. The kinetic energy is then integrated over the

area to obtain IKE.

3. Results

a. Seasonal climatology

It is well known that the seasonal peak of genesis for

Atlantic tropical cyclones is in the month of September

(Gray 1968; Fig. 1). The TIKE also coincides with this

peak in September (Fig. 1). When we examine the

distribution of the median radius of each tropical cy-

clone forced with at least tropical storm–strength winds,

September seems to show the highest frequency of

larger radii storms (Fig. 2a). Therefore, the peak in TIKE

(Fig. 1) is associated with a corresponding peak in larger

FIG. 1. Climatological values of TIKE and number of storms

for each month of the year.
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sized storms in September. Another important factor

that enters in the calculation of TIKE is the length

of time during which the tropical cyclone maintains

winds of at least tropical storm force. Figure 2b shows

the distribution of the length of the time over which

IKE is integrated. Again we see that the longest-lived

cyclones in the Atlantic with at least tropical storm–

forced wind appear most frequently in September.

Therefore, the climatological peak of TIKE in September

is also associated with the longer-lived tropical

storms.

In Figs. 2a,b it is also apparent that these large-sized

and long-lived storms make their genesis to form in

the east Atlantic (east of 508W). As a result it is ex-

pected that the frequency of high TIKE Atlantic storms

will be more in the east Atlantic (Fig. 2c). However, in

Fig. 2c, October shows a spike in high TIKE cyclones

west of 508W that is coincident with a corresponding

notable increase in cyclones with radii greater than

150 km (Fig. 2a) and with a life span ofmore than 4 days

(Fig. 2b).

b. Interannual variability

The seasonal TIKE exhibits significant interannual

variations, which is comparable to other metrics that

measure the seasonal Atlantic tropical cyclone activity

(e.g., ACE, PDI, number of Atlantic storms; Fig. 3a).

The correlations between TIKE and ACE is 0.86, TIKE

and the number of storms is 0.61, and between ACE

and the number of storms is 0.78 (Fig. 3a). In fact we

contend that the interannual variations of TIKE in com-

parison to the other two metrics are quite illuminating

(Fig. 3a). For example, in the 2005 seasons there were

28 named tropical Atlantic cyclones, a highly anomalous

year in terms of this metric and even ACE (Fig. 3a).

However, TIKE proved to be far less in magnitude sug-

gesting that 2005 season was not as anomalous. In other

words, this comparison reveals that 2005 was not char-

acterized by as many large-sized and long lived storms

as other active seasons, such as 1995. In terms of the

most anomalous seasons with high (low) TIKE 1995

(1993) followed by 1999 (1991) stand out.

FIG. 2. Scatterplot showing the month and longitude of formation for all storms used in the

TIKE calculations. The following are calculated based on tropical cyclones used in the cal-

culation of TIKE in Fig. 1. Storms are color coded based on (a) themedian radius (defined over

the life span of each tropical cyclone used in the calculation of TIKE in Fig. 1) in nautical miles,

(b) the length of time over which IKE was integrated, and (c) the value of TIKE (TJ).
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Figure 3b shows the interannual variations of the

seasonal TIKE, ACE, and the number of storms that

formed in the Maximum Development Region (MDR;

108–208N, 808–208W) only. Here the TIKE and number

of storms are more similar than over the entire Atlantic

basin. Moreover the 2005 season does not appear to be

the most anomalous years in all three metrics (Fig. 3b).

In comparison to Fig. 3a, a majority of the 2005 storms

formed northwest of the MDR. Thus, many of these

storms had insufficient time to remain over warm water

to develop large TIKE before either making landfall or

transitioning to post-tropical storms.

c. Relationship with SST variations

Figure 4a shows the contemporaneous correlations

of TIKE with global SST. The appearance of the neg-

ative correlations with the central and eastern Pacific

SST anomalies points to the well-known ENSO tele-

connection. Figure 4a reveals that higher seasonal TIKE

is associated with the cold phase of ENSO and warm

SSTs in the tropical and higher-latitude Atlantic Ocean.

It is interesting to note, however, that the statistically

significant correlations in the Pacific are more apparent

in the central equatorial Pacific region, suggesting the

possible influence of the Modoki El Ni~no (Ashok et al.

2007; Ashok and Yamagata 2009; Kao and Yu 2009).

Modoki (or central Pacific) El Ni~no unlike the traditional

(or east Pacific) El Ni~no has its largest SST anomalies

in the central (Ni~no 3.4) Pacific region with insignificant

anomalies in the far eastern equatorial (Ni~no 112) Pacific

region. It may be mentioned that in recent decades the

Modoki El Ni~no appears to be occurring more fre-

quently than before (Yeh et al. 2009). However, the

ACE index shows a broad influence of the equatorial

Pacific SST anomalies stretching from the central to the

far eastern equatorial Pacific Ocean (Fig. 4b). Figure 4a

also shows that while the El Ni~no–related SST anom-

alies is associated with the reduction in the seasonal

TIKE anomalies, the appearance of warm SST anom-

alies in the Atlantic is associated with an increase in the

seasonal TIKE anomaly.

The remote forcing of the tropical Pacific in the sea-

sonal Atlantic TIKE anomalies stem from the modula-

tion of the vertical wind shear (defined between winds

at 850 and 200 hPa). In Fig. 5 we show the correlations

of TIKE from storms that make their genesis in the

MDR with global vertical wind shear anomalies. In

the region of the MDR the seasonal TIKE anomalies

are negatively correlated with the wind shear, which

is consistent with similar relationships seen in case of

ACE and the number of Atlantic tropical cyclone for

the season (not shown).

In the tropical Atlantic the larger seasonal TIKE

anomalies are also associated with the larger size of

the Atlantic warm pool (AWP; Wang and Enfield 2001;

Wang et al. 2011) in the August–September–October

(ASO) season (a season of annual peak in the size of

the AWP). The correlation of ASOAWP size and TIKE

is 0.43 (Fig. 6). This relationship is not surprising given

that Wang et al. (2011) have already shown that years

with large-size AWP are associated with more eastern

tropical Atlantic cyclone activity.

4. Summary and conclusions

In this paper we introduce a new metric called the

track integrated kinetic energy (TIKE) as a measure for

Atlantic tropical cyclone activity. It is not being sug-

gested as an alternative metric but a complimentary one

to the existingmetrics. ACE for example, emphasizes on

the intensity of the storm and PDI overemphasizes on the

maximum sustained surface winds, being proportional

FIG. 3. (a) Total values of TIKE,ACE, and the number of storms

for each year from 1990 to 2011, and (b) TIKE and the number of

storms originating in the MDR region only. (top right) The contem-

poraneous correlation coefficients between these metrics are shown.
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to its third power. The number of storms in the season,

which is reasonably well predicted a season in advance

(LaRow et al. 2010; LaRow 2013) is another metric

in common use to measure the seasonal activity of the

tropical Atlantic storms. The TIKE, which is the ac-

cumulation of the integrated kinetic energy (IKE) for

the life span of the tropical cyclone, is a measure of

intensity, size, and duration.

Our analysis reveals that the TIKE metric further il-

luminates on the seasonal activity of the Atlantic trop-

ical storms. For example, the 2005 season, while quite

anomalous both in terms of ACE and number of storms,

did not stand out as significantly anomalous in seasonal

TIKE anomaly. This would suggest that the 2005 season

was not characterized by many large and long-lasting

storms. However the 1995 (1993) season was anoma-

lously high (low) in all three metrics.

The climatology of TIKE is similar to the other met-

rics in that it exhibits an annual peak in September.

This annual peak in TIKE is associated with larger and

longer-lasting storms that invariably make genesis in

the eastern Atlantic.

The global teleconnections of the seasonal TIKE anom-

alies expose the usual suspects of El Ni~no–Southern Os-

cillation (ENSO) SST anomalies in the tropical Pacific

and the northern (tropical and higher latitude) Atlantic

FIG. 4. Correlation of (a) total TIKE and (b)ACEwith contemporaneous SST from version 2

of the optimum interpolation sea surface temperature (OISSTv2) analysis. Hashing shows

significance at the 95% confidence interval.
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SST anomalies. A visible subtlety with the teleconnec-

tion of the tropical Pacific SST anomalies is that the

more significant correlations are in the central Pacific,

which possibly suggests the influence of the so-called

Modoki El Ni~no on the seasonal TIKE anomalies.

The AWP size also shows an influence on TIKE with

larger size of AWP associated with higher seasonal

TIKE anomalies. It is also shown that at least in the

last two decades the storms with relatively higher TIKEs

have contributed more to the seasonal (June–November)

seasonal rainfall.

Generating the values of the TIKE prior to 1990 is a

challenge with the absence of the radius of the tropical-

forced winds for the Atlantic storms. Likewise, the ab-

sence of this data for other tropical ocean basins for as

many years as the tropical Atlantic makes it difficult to

examine their variations and climatology of TIKE and,

hence, the global TIKE.
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APPENDIX

Calculation of Track Integrated Kinetic Energy
(TIKE)

TIKE is a seasonal integration of the integrated ki-

netic energy (IKE) over all tropical cyclones in a given

basin. The IKE is calculated as a volume integral, con-

sidering a layer thickness of 1m centered at the 10-m

level:

IKE5

ð
y
1/2rAV2 , (A1)

FIG. 5. Contemporaneous correlation of TIKE for storms originating over the MDR region

with contemporaneous vertical shear from theNational Centers for Environmental Prediction–

Department of Energy Global Reanalysis 2 (NCEP R2). Hashing shows significance at the

95% confidence interval.

FIG. 6. Scatterplot showing TIKE plotted against the ASO-

averaged area of the Atlantic warm pool. (top-left corner) The

correlation coefficient is shown.
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where r is air density, andA and V are, respectively, the

area and mean 10-m wind speed of the contributing

portion of the quadrant according to Table A1. All

quadrant contributions are summed to compute the

IKE of the storm.
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TABLE A1. Guidelines for computing IKE from operational quadrant wind radii. The R18, R26, R33, and Rmax variables are the radii of

18 m s21, 26 m s21, 33 m s21, and maximumwinds, respectively;VMS is the maximum sustained surface wind speed. All radii are measured

in meters.

Quadrant IKE contribution Criteria Mean wind (m s21) Area (m2)

IKE18226 R26 . 0 20 0.25p(R2
18 2 R2

26)

No R26, VMS . 26, R18 . Rmax 20 0.25p[R2
18 2 (0.75Rmax)

2]

No R26, VMS , 26, R18 . Rmax 0.25VMS 1 0.75(18) 0.25p[R2
18 2 (0.75Rmax)

2]

No R26, Rmax 5 R18 18 0.25p[R2
18 2 (0.5R18)

2]

IKE26233 R33 . 0 27.75 0.25p(R2
26 2 R2

33)

No R33, VMS . 33, R26 . Rmax 27.75 0.25p[R2
26 2 (0.75Rmax)

2]

No R33, VMS , 33, R26 . Rmax 0.25VMS 1 0.75(26) 0.25p[R2
26 2 (0.75Rmax)

2]

No R33, R26 # Rmax 26 0.25p[R2
26 2 (0.5R26)

2]

IKEH Max R33 quadrant, R33 . Rmax 0.25VMS 1 0.75(33) 0.25p[R2
33 2 (0.75Rmax)

2]

Max R33 quadrant, R33 5 Rmax 0.25VMS 1 0.75(33) 0.25p[R2
33 2 (0.75R33)

2]

R33 , Rmax 0.1VMS 1 0.9(33) 0.25p[R2
33 2 (0.75R33)

2]

Not max R33 quadrant, Rmax 5 R33 0.1VMS 1 0.9(33) 0.25p[R2
33 2 (0.75Rmax)

2]

JULY 2013 M I SRA ET AL . 2389


