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ABSTRACT

Revised estimates of kinetic energy production by tropical cyclones in the Atlantic and western North
Pacific are presented. These show considerable variability on interannual-to-multidecadal time scales. In the
Atlantic, variability on time scales of a few years and more is strongly correlated with tropical Atlantic sea
surface temperature, while in the western North Pacific, this correlation, while still present, is considerably
weaker. Using a combination of basic theory and empirical statistical analysis, it is shown that much of the
variability in both ocean basins can be explained by variations in potential intensity, low-level vorticity, and
vertical wind shear. Potential intensity variations are in turn factored into components related to variations
in net surface radiation, thermodynamic efficiency, and average surface wind speed.

In the Atlantic, potential intensity, low-level vorticity, and vertical wind shear strongly covary and are also
highly correlated with sea surface temperature, at least during the period in which reanalysis products are
considered reliable. In the Pacific, the three factors are not strongly correlated. The relative contributions
of the three factors are quantified, and implications for future trends and variability of tropical cyclone
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activity are discussed.

1. Introduction

Variations in tropical cyclone activity are potentially
among the more important consequences of climate
change, whether natural or otherwise. Various metrics
have been used to characterize tropical cyclone activity,
including annual storm counts, the total duration of
storms whose maximum wind speed exceeds a thresh-
old value (Landsea 1993), hurricane categories (Simp-
son 1974; Webster et al. 2005), and the Accumulated
Cyclone Energy (ACE) index (Bell et al. 2000). In
terms of human impacts, one is naturally concerned
with the number and intensity of landfalling storms, but
owing to potential feedbacks of tropical cyclones on
climate (Emanuel 2001), there is also interest in basin-
integrated quantities, such as ACE. For the purpose of
detecting climate signals, such integral measures may
be preferable, owing to the much larger amount of in-
formation available for storms over their lifetimes com-
pared to at landfall, and to the tendency for random
measurement errors and high frequency fluctuations to
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cancel in the integral. Here we shall focus on the vari-
ability of the power dissipation index (PDI), defined by
the author (Emanuel 2005) as

PDI = j V3 dt, 1)
(

max
)

where V., is the maximum surface wind at any given
time in a storm, and 7 is the lifetime of the event. For
the purposes of this paper, the PDI is also accumulated
over each year.

Annually accumulated integral metrics such as ACE
and PDI show striking variations from year to year and
on longer time scales (Bell et al. 2000). In the western
portion of the North Pacific, ACE is significantly af-
fected by ENSO (Camargo and Sobel 2005). Emanuel
(2005) showed that, in the Atlantic, the PDI, when
smoothed over several years, is strongly correlated with
sea surface temperature in the later summer and early
fall in the tropical Atlantic between Africa and the Car-
ibbean, while in the western North Pacific region, the
correlation, though significant, is weaker. Figure 1
shows the PDI for both regions, filtered to remove
high-frequency fluctuations, as in Emanuel (2005), but
extended through 2005 in the North Atlantic and 2004
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FI1G. 1. Power dissipation index (green) and scaled Hadley Cen-
tre sea surface temperature (blue) for the main development re-
gions of the (a) Atlantic and (b) western North Pacific. (See text
for definitions of regions.) The time series have been smoothed
using a 1-3-4-3-1 filter to reduce the effect of interannual vari-
ability and highlight fluctuations on time scales of 3 yr and longer.

in the western North Pacific.' For comparison, the sea
surface temperatures in the main development regions
of each basin, as defined in Emanuel (2005), are also
shown. In the Atlantic, this is defined as the region
bounded by 6° and 18°N and 20° and 60°W, while in the

! There are a plethora of issues surrounding the quality of tropi-
cal cyclone data in both basins, and corrections have been made to
both datasets. The nature of these issues and the basis of the
corrections are described in the appendix. In Fig. 1, we show
results using data that have been adjusted as described in the
appendix; the reader is also referred to Landsea (2005) for a
comparison with the unadjusted data.
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Pacific the development region is defined as being
bounded by 5° and 15°N and 130° and 180°E.

As discussed in the online supplement to Emanuel
(2005), and in the appendix of this paper, interpretation
of the record of tropical cyclone variability is hampered
by serious issues of data quality brought about by
changing and variable methods of wind speed estima-
tion and reporting problems. On the other hand, the
correlations between the smoothed power dissipation
and sea surface temperature time series shown in Fig. 1
are both significant at the 99% level and are thus highly
unlikely to have arisen by chance elements such as es-
timation errors.?

Since the 1970s, the Atlantic PDI has increased by
nearly 100%, while the increase over the same time
interval in the western North Pacific has been around
35%. As remarked by Emanuel (2005), these increases
are a great deal larger than one might have expected
based on extant theory (e.g., Emanuel 1987) and mod-
els (Knutson and Tuleya 2004) given the observed
changes in sea surface temperature over this period. It
should be remarked, however, that these studies con-
sidered the response of tropical cyclone intensity (and
not frequency or duration) to restricted scenarios of
climate change that did not include such factors as
changing wind shear or vorticity. In this paper I attempt
to resolve this discrepancy by relating the observed
changes in PDI to changing environmental factors, us-
ing both theoretical and empirical approaches. In the
following section, changes in the observed PDI are de-
convolved into changing frequency, duration, and in-
tensity. Section 3 reviews and extends existing theory,
empirical work, and modeling results as they pertain to
PDI, and an attempt is made to apply the results of this
work to the development of a semiempirical index re-
lating PDI to three environmental factors. Implications
of this work for future changes in PDI are discussed in
the concluding section.

2. Contributions to changes in tropical cyclone
power dissipation

Annually accumulated PDI may be thought of as de-
pending on the following three factors: storm intensity,
duration, and frequency (C. L. Holland and R. B. Scott
2006, personal communication). Because (1) is the sum
(over a year) of an integral of the wind speed, there is

2 The correlation between SST and PDI in the western North
Pacific is 0.40 prior to 1983, when JMA data were used, but only
0.01 between 1983 and 2004, when the recent reanalysis by Kossin
et al. (2007) was used. (See the appendix.)
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no unique way of deconvolving it into factors. Here, we
choose to characterize PDI as the product of three fac-
tors—the annual number of events N, duration D, and
intensity /. The annual number is self-defined. For du-
ration, we could simply choose the average lifetime of a
storm, defined as the time between the first and last
entries for each event in the tropical cyclone database;
this is the approach followed by C.L. Holland and
R. B. Scott (2006, personal communication). This defi-
nition is perhaps not optimal, because there is often
uncertainty in defining when an event first becomes a
tropical cyclone and when it ceases to be one, and many
storms linger for days at intensities not much above the
threshold for classification as a tropical cyclone. To re-
duce the effect of these pitfalls, we define a velocity-
weighted duration of storm i as

J Vmax dl
0

V >

smax

D;= (2)

where V., is the maximum wind observed during the
lifetime of the storm. Averaging over all storms in a

given year yields

1 N
D=N§1:Di. 3)

Finally, an annually averaged intensity is defined as

N o
2 V3 . dt

i=1Jo
— - 4)
D
i=1
From (2)—(4), it is evident that the annually accumu-
lated PDI is N X D X [, from which it follows that
In(PDI) = In(N) + In(D) + In(]). Figure 2 shows these
terms, with their respective long-term means removed.
Each of the terms makes substantial contributions to
the observed PDI change. In the Atlantic, the upward
trend in PDI since the 1970s is dominated by increasing
frequency, but the intensity term has increased by
about 60% over that interval, and duration has in-
creased by about 20%. The contributions of the indi-
vidual factors vary in a complex way in the Pacific. For
example, the large net increase in PDI between 1975
and 1990 was dominated by increasing duration and
frequency, while the intensity remained constant. Simi-
larly, Camargo and Sobel (2005) found that in the west-
ern North Pacific, fluctuations in both duration and in-
tensity contribute to differences in the accumulated cy-
clone energy, a quantity similar to PDI, between El
Nifio and La Nifa years. In neither basin is there any
substantial overall trend in intensity as it has been de-
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FIG. 2. Deconvolution of the natural logarithm of the power
dissipation index (black) into the logarithms of the annual number
(blue), duration (green), and intensity (red), for the (a) Atlantic
and (b) western North Pacific. The long-term means have been
removed, and the time series have been smoothed using a 1-3-
4-3-1 filter. Definitions of duration and intensity are given by
(3) and (4).

fined here, but there is substantial variability in inten-
sity and duration over the period of record. Finally,
C. L. Holland and R. B. Scott (2006, personal commu-
nication) also performed a decomposition of Atlantic
hurricanes that is very similar to (2)-(4), except that the
duration given by (2) was not weighted by wind speed.
They find that between 1970 and 2004 the frequency
increased by 71%, while duration and intensity (mea-
sured by wind speed cubed) increased by 62% and
44%, respectively. Using instead the definitions given
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by (2)—(4), for the same period (1970-2004) we find an
increase in duration and intensity of 24% and 60%,
respectively, showing that the results are sensitive to
the way the partitioning is defined.

It should be remarked that the duration, intensity,
and annual number of storms are individually not as
well correlated with sea surface temperature as is the
PDI, suggesting that the latter may be more fundamen-
tally connected with climate variables than traditional
metrics. Also, note that our particular decomposition of
PDI into frequency, duration, and intensity is sensitive
to estimates of the storm lifetime maximum wind speed,
which may be prone to sampling error.

In the following section, we review existing theory as
well as observational and modeling results as they may
bear on the observed PDI variability.

3. Theoretical, modeling, and observational
treatment of PDI trends and variability

To understand the observed trends and variability of
PDI, it is first necessary to understand environmental
controls on tropical cyclone intensity and frequency.
We begin with the issue of intensity. Although most
empirical studies of the thermodynamic control of
tropical cyclone intensity attempt to relate it to sea sur-
face temperature (SST), extant theory suggests that
such control is exercised through the potential intensity
(Emanuel 1986; Bister and Emanuel 1998), defined as

_GTT,
r=c, T

o

(kG — k), (5)

where V, is the potential maximum wind speed (here-
after the “potential intensity”), C, and C,, are the sur-
face exchange coefficients for enthalpy and momen-
tum, respectively, 7} is the sea surface temperature, 7,
is an entropy-weighted mean outflow temperature [see
Emanuel 1986, his Eq. (19) for an exact definition], & is
the specific enthalpy of air near the surface, and kg is
the enthalpy of air in contact with the ocean, assumed
to be saturated with water vapor at ocean temperature.
Modeling studies (Rotunno and Emanuel 1987) suggest
that tropical cyclones will attain their potential intensity
given long enough to do so, provided that they are
unmolested by adverse environmental factors, such as
vertical wind shear and ocean interaction.

Few actual storms achieve their potential intensity,
and a number of processes have been identified that act
to limit storm intensity. Prominent among these is the
vertical shear of the environmental horizontal wind
(Simpson and Riehl 1958), usually estimated as the
magnitude of the vector shear between the lower and
upper troposphere (DeMaria 1996), and local cooling
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of the sea surface as a result of vigorous mixing of the
upper ocean (Bender et al. 1993). Ingestion of unusu-
ally dry environmental air has also been implicated
(Dunion and Velden 2004). An observational analysis
(Emanuel 2000) shows that while few real tropical cy-
clones attain their potential intensity, large samples of
their peak intensities, normalized by their potential in-
tensity at the time they achieved their peaks, form a
well-defined universal cumulative frequency distribu-
tion, suggesting that changing the potential intensity
will change the actual mean intensity by the same per-
centage in a large enough sample of events. In a recent
study that used large numbers of modeled storms in
environments with realistically varying shear, potential
intensity, and upper-ocean conditions, the author
Emanuel (2006) found that increasing the potential in-
tensity uniformly by 10% increased the PDI by 65%,
while increasing shear by 10% decreased PDI by 12%.
Deepening the ocean mixed layer everywhere by 10%
increased PDI by 4%. It is important to note that in that
study the frequency of events was held constant.

The above suggests that changes in tropical cyclone
intensity should be related to changes in potential in-
tensity, shear, upper-ocean temperature profiles, and
environmental humidity at midlevels of the tropo-
sphere. Evaluating trends in this last quantity would be
challenging, owing both to the poor quality of radio-
sonde humidities at these levels until fairly recently
(Spencer and Braswell 1997) and to the problems with
the simulation of humidity by models used in reanalysis
exercises (Clark and Harwood 2003). The paucity of
observations of the tropical upper-ocean makes any
analysis of trends in upper-ocean properties highly
problematic. For these reasons, we focus on trends in
potential intensity and shear.

a. Environmental control of potential intensity

According to (5), potential intensity varies with SST,
outflow temperature, and the degree of thermodynamic
disequilibrium between the ocean and atmosphere.
(While the exchange coefficients are known to vary
with wind speed, we know of no reason to believe that
they vary with climate.) Although the degree of ther-
modynamic disequilibrium is usually assumed to be a
function of SST, its relationship to the state of the
ocean—atmosphere system is, in fact, more complex.
This can be seen by first considering the steady-state
heat balance of the ocean’s mixed layer. In equilibrium,
the net flux of energy through the sea surface must be
balanced by an ocean-side flux of energy into the mixed
layer,

Ckp|‘7|(k(>)< - k) + FT - FJ, = Foceam (6)
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where p is an average air density near the surface, | VI is
the average surface wind speed, F; is the net infrared
radiative flux out of the ocean, F| is the net solar flux
into the ocean, and F,,, is the net energy flux into the
ocean mixed layer by ocean-side processes, including
entrainment. Eliminating the thermodynamic disequi-
librium term between (5) and (6) gives

V2 = T, —=T,F, — Fr + Fycean
P To CDp|V|

™)

This shows that for climate changes on time scales long
enough that the ocean’s mixed layer remains approxi-
mately in thermal equilibrium, the potential intensity is
affected by changes in surface and outflow tempera-
tures, radiative flux at the sea surface, mean surface
wind speed, and ocean enthalpy fluxes. It is clear from
this formulation that in the absence of a greenhouse
effect, so that F| = Fy, tropical cyclones would not be
possible. Also note that in this formulation, the explicit
dependence of potential intensity on SST is weak. The
strong apparent dependence enters because SST also
varies with the surface radiative flux and the surface
wind speed. Finally, it is clear from (7) that the sensi-
tivity of potential intensity to radiation is itself modu-
lated by the thermodynamic efficiency [the first factor
in (7)] and by the mean surface wind speed.

There are two problems with evaluating changes in
potential intensity from historical data. The most
straightforward way to is to make use of its equivalence
to the convective available potential energy of a parcel
lifted from the sea surface after first being saturated
with water vapor at sea surface temperature, as de-
scribed in detail by Bister and Emanuel (2002), who
attempted to use reanalysis data (Kalnay et al. 1996) to
detect trends. But, this effort is strongly compromised
by changes in the types of data assimilated into the
reanalysis model, particularly with the introduction of
satellite radiance data around 1979, which strongly in-
fluenced temperatures in the upper troposphere and
lower stratosphere (Santer et al. 1999). The specific ef-
fects of this change on potential intensity are also dis-
cussed by Free et al. (2004).

Another method is to estimate potential intensity
from (7), but this is not usually possible because the net
radiative fluxes at the sea surface are not routinely
measured. On the other hand, on physical grounds one
expects that the surface radiative flux should depend on
the profile of temperature and emissivity of the over-
lying atmosphere. In the Tropics, the temperature pro-
file is usually close to a moist adiabat, whose properties
are set mostly by the SST and the near-surface wind
speed (Betts and Ridgway 1988), and in the absence of
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advection, the moisture profile (which largely deter-
mines the emissivity) should also vary with these two
quantities. For small fluctuations, the relationship
should be nearly linear, that is,

Fy—Fy=a+bT,+ c|V], (8)

where 7 is in degrees Celsius, |'V| is in meters per
second, and a, b, and c are constants. We estimate these
constants by regressing (8) so as to best fit the potential
intensity determined from National Centers for Envi-
ronmental Prediction (NCEP) reanalysis data using the
method of Bister and Emanuel (2002). As shown in this
last-mentioned paper, there are strong, artificial trends
in potential intensity estimated this way around 1979,
when assimilation of satellite-measured radiances was
introduced; to avoid this bias, we fit (8) to (7) using
reanalysis data only from 1980 on. We also used the
100-hPa temperature from the NCEP reanalysis
as a proxy for the outflow temperature 7, in (7).
This yieldsa = =260 Wm ™2, b =103 Wm *>K ', and
c =78 Wsm K, aresult shown in Fig. 3, which
also displays the directly estimated potential intensity.
The quantities shown in Fig. 3 have been extended back
in time to 1949. To extend the theoretical calculation
based on (7) and (8) back in time, one has to account
for the large changes in 100-hPa temperature that took
place around 1979 owing to the introduction of satel-
lite-derived radiances (Santer et al. 1999; Bister and
Emanuel 2002). To do this, we added 3°C to all the
100-hPa temperatures prior to 1979, as suggested by the
results of Bister and Emanuel (2002).

The directly calculated potential intensities shown in
Fig. 3 have a clear high bias relative to the theoretical
predictions prior to 1979, in accordance with the find-
ings of Bister and Emanuel (2002). Figure 3 shows a
simple correction to the directly calculated potential
intensity, made by subtracting 1.9 m s™' from all the
values prior to 1979. This works well in both basins.

It is remarkable that since the 1970s potential inten-
sity has increased by about 10% in the Atlantic and by
about 6% in the western North Pacific, given SST
changes over the same period of about 0.6° and 0.4°C,
respectively. This is considerably more than the change
of ~5%°C~! predicted by Emanuel (1987) or the

3 The outflow level of most tropical cyclones lies between about
200 and 100 hPa. Examination of the basic trends of 150-hPa
temperature in the NCEP reanalyses show trends and variability
very similar to that at 100 hPa, but with somewhat less cooling
between 1990 and 2005. There remains some uncertainty in re-
analyzed trends in temperature at these altitudes, owing to chang-
ing instrumentation and analysis techniques.
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Fi1G. 3. Evolution of potential intensity in the (a) Atlantic and
(b) western North Pacific. The direct calculation from NCEP re-
analysis data using the technique of Bister and Emanuel (2002)
(blue), theoretical prediction from (7) and (8) (green), and ad-
justed direct calculation (red) are shown. No smoothing has been
applied to the time series.

~3.5%°C " simulated by Knutson and Tuleya (2004).
However, differentiating (7) with respect to surface
temperature, and using (8), gives a rate of change about
32ms ' K™' for an average V, of 65 m s™', and an
average surface wind speed of 10 m s~ '. (Note that this
rate would be about twice as large for a mean surface
wind speed of 5 m s~'.) This is well in accord with the
aforementioned earlier predictions, and also with what
one obtains by differentiating (5) with respect to sur-
face temperature, holding that near-surface relative hu-
midity fixed, and assuming that the surface air tempera-
ture equals the sea surface temperature.
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rithms of the thermodynamic efficiency (blue), surface radiative
flux (green), and surface wind speed (red), for the (a) Atlantic and
(b) western North Pacific. The long-term means have been re-
moved, and the time series have been smoothed using a 1-3-4-3-1
filter.

To understand the larger observed increases, we
separate the potential intensity given by (7) into factors
by taking the natural logarithm of both sides of that
equation. The three factors are the thermodynamic ef-
ficiency (T, — T,)/T,, the net surface radiative forcing
[as parameterized by (8)], and the surface wind speed.
Figure 4 shows variations with the time of the natural
logarithm of these factors, with the mean over the pe-
riod removed. In both basins, all three factors contrib-
ute substantially to the overall variability, though the
long-term trend is determined by the radiative forcing
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and thermodynamic efficiency factors. That portion of
the variability of potential intensity attributable to fluc-
tuating surface wind speed is remarkably correlated be-
tween the two basins. However, wind speed does not
contribute to the long-term trend. It is interesting to
note that the last points in Figs. 4a,b, representing the
smoothed contributions over the 2001-05 period, are
contributed to nearly equally by the three factors. It is
also of interest to note that the overall upward trend in
potential intensity over the last few decades is due to, in
nearly equal measure, increasing surface radiative flux
and increasing efficiency, the latter of which is owed
both to increasing SST and decreasing outflow tem-
perature.

The increase in potential intensity over the past few
decades is clearly greater than that predicted to have
occurred in conjunction with the observed increase in
sea surface temperature according to the theoretical
results of Emanuel (1987) or the modeling results of
Knutson and Tuleya (2004). The theoretical prediction
by Emanuel (1987) held the surface wind speed and
thermodynamic efficiency fixed, and thus did not ac-
count for these influences on potential intensity; it
should also be remarked that the changes in potential
intensity presented in that paper that were based on a
global climate model simulation also held constant the
surface relative humidity and thermodynamic effi-
ciency. The regional model simulations conducted by
Knutson and Tuleya (2004) held the surface wind speed
fixed, but thermodynamic boundary conditions for
those regional simulations were supplied from global
climate simulations in which all variables were permit-
ted to change. It is difficult to assess how variable sur-
face wind speed might have indirectly affected the ther-
modynamic profiles within the regional model domains.
Normalized thermodynamic soundings presented by
Knutson and Tuleya (2004) show no temperature trend
at 100 hPa, but have noticeable cooling above that
level.

Thus, much if not all of the discrepancy between the
predictions of Emanuel (1987) and observed changes in
potential intensity can be ascribed to the effects of
changing outflow temperatures and average surface
wind speeds in the tropical environment, as remarked
previously by the author (Emanuel 2005). It is likely
that some, and perhaps most, of the discrepancy be-
tween observed changes in potential intensity and those
calculated from the model simulations of Knutson and
Tuleya (2004) can be similarly ascribed to decreasing
outflow temperature and changing environmental sur-
face winds, but it is more difficult to deduce this from
the reported results.

It should be remarked that there is only a weak cor-
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relation between time series of storm intensity, as it has
been defined here (see Fig. 2), and potential intensity,
whereas the author (Emanuel 2000) found a strong sta-
tistical relationship between peak storm intensity and
potential intensity over large samples of events. In that
study, the climatological potential intensity at the place
and time at which each storm reached its peak intensity
was correlated with that intensity; here, the potential
intensity is defined over a fixed region, which, while it
encompasses the majority of genesis points, is not lo-
cated in a region where storms often reach their peak
intensities.

b. Empirical relationship between power dissipation
and environmental factors

While we postulate that potential intensity is the
principal thermodynamic factor governing the intensity
reached by tropical cyclones, it is well known that other
environmental conditions have strong effects on storm
intensity and frequency. These include vertical shear of
the horizontal wind (DeMaria 1996), ocean interactions
(Bender et al. 1993), and environmental relative humid-
ity (Simpson and Riehl 1958; Dunion and Velden 2004).
Moreover, genesis frequency appears to be affected not
only by potential intensity, vertical shear, and environ-
mental humidity, but also by large-scale, low-level vor-
ticity (Gray 1979; Emanuel and Nolan 2004; Camargo
et al. 2007).

We do not have enough observations of upper-ocean
profiles over time to make meaningful assessments of
the effect of changes in the upper ocean on tropical
cyclone power dissipation, so we focus on the effects of
variable potential intensity, vertical shear, environmen-
tal humidity, and large-scale low-level vorticity. For po-
tential intensity, we use the theoretical values defined
by (7) and (8), but as shown by Fig. 3 these are highly
correlated with the corrected version of the directly
calculated potential intensity. For shear, we use the
magnitude of the vector difference of the horizontal
wind between 850 and 250 hPa, which appears to be a
good predictor of individual storm intensity change
(DeMaria and Kaplan 1999). This shear and the other
environmental variables are calculated from daily
NCEP reanalysis data and averaged over the August—
October period in the Atlantic, the July-November pe-
riod in the western North Pacific, and the respective
main development regions, as defined in section 1. It
should be remarked that the various predictors should
be expected to influence the storm through its whole
life, and not just while the storm is within the develop-
ment regions that we have defined here. Because
storms often take very different trajectories, defining
sensible regions over which to define the predictors is
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problematic, and we adhere to the main development
regions for no better reason than to maintain continuity
with previous studies.

We develop an empirical relationship between year-
to-year variations in basin-accumulated PDI and vari-
ous predictors by selecting candidate predictors and
performing multivariate regressions between them and
the observed PDI shown in Fig. 1. Because of the afore-
mentioned problems with the reanalysis data, we con-
fine this regression to the period from 1983 to 2005 in
the Atlantic, and from 1983 to 2004 in the western
North Pacific. In selecting candidate predictors, we are
guided by two main considerations. First, in keeping
with the inputs required for both the real-time forecasts
made using the Coupled Hurricane Intensity Prediction
System (Emanuel et al. 2004) and the synthetic storms
discussed in the introduction (Emanuel et al. 2006), we
take potential intensity V), and 850-250-hPa shear S as
two of our predictors. Second, we make use of addi-
tional predictors already shown to be significant in de-
fining a genesis potential index (Emanuel and Nolan
2004; Camargo et al. 2007). These additional predictors
are the 850-hPa absolute vorticity ngs, and the 600-hPa
relative humidity. We seek combinations of these param-
eters that optimally simulate the observed smoothed
time evolution of PDI in both basins under consider-
ation here. Both the selection of the predictors and the
search for an optimum combination thereof are par-
tially subjective exercises, and we make no representa-
tion that we have discovered the optimum combination
of predictors. With this important caveat, our PDI pre-
dictor is

PDI ~ 1350”2V (1 + 0.38) 7%, 9)

where the shear must be given in meters per second.
Note that the 600-hPa relative humidity was not found
to be a significant predictor of PDI. A comparison be-
tween simulated and observed PDI is shown in Fig. 5.

Figure 6 shows the contributions of the logarithm of
each of the environmental predictors to changes in the
logarithm of the PDI. In the Atlantic, all three quanti-
ties contributed roughly equally to variations prior to
the late 1980s, but changes since then have been domi-
nated by changing low-level vorticity and potential in-
tensity. In the western North Pacific, the upward trend
of potential intensity over the past two decades is
largely countered by negative tendencies owing to in-
creasing shear and decreasing vorticity, although there
are large swings in these quantities on time scales of
5-10 yr, presumably reflecting the presence of natural
climate oscillations (Chan and Shi 1996).
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F1G. 5. Evolution of the power dissipation index: observed
(blue) and simulated using (9) (green), for the (a) Atlantic and
(b) western North Pacific. The time series have been smoothed
using a 1-3-4-3-1 filter.

4. Summary

The power dissipation index, a measure of the total
energy consumption by tropical cyclones, has been em-
pirically related to a small set of environmental predic-
tors selected on the basis of both theoretical and em-
pirical considerations. The resulting index, given by (9),
depends on ambient low-level vorticity, potential inten-
sity, and vertical shear of the horizontal wind. The vari-
ability of all three of these factors has contributed sig-
nificantly to the observed variability of the PDI over
the last 25 yr, during which time we have relatively high
confidence in both the tropical cyclone record and the
reanalysis data. In the Atlantic, the near doubling of the
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(red), for the (a) Atlantic and (b) western North Pacific. The
long-term means have been removed and the time series have
been smoothed using a 1-3—4-3-1 filter.

PDI over this period can be attributed to a decrease in
shear early in the period and increasing low-level vor-
ticity and potential intensity over the whole period. As
shown in Figs. 3 and 4, there has been a ~10% increase
in potential intensity in the tropical Atlantic, and a
~6% increase in the western North Pacific during this
time, owing mostly to increasing net radiative fluxes
into the ocean and decreasing tropopause temperature.
Accounting for the influence on the potential intensity
of factors other than SST, as well as for the influence of
factors other than potential intensity on PDI, largely
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resolves the discrepancy between observed PDI
changes and those predicted on the basis of earlier
work.

These results suggest that future changes in PDI will
depend on changes not only in surface radiative flux,
but in tropopause temperature, surface wind speed,
low-level vorticity, and vertical wind shear, as well.
These variables are among those simulated by global
climate models, which can then be used, in principle, to
project future changes in PDI using (9). We are in the
process of estimating these changes in the suite of glo-
bal models being used for the 2007 Intergovernmental
Panel on Climate Change (IPCC) report.
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APPENDIX

Bias Correction of Tropical Cyclone Wind Speeds

Evolution in measurement and estimation techniques
introduces biases in historical records of tropical cy-
clone wind speeds. These problems are discussed ex-
tensively in the online supplement to Emanuel (2005),
who also described corrections to the archived data. In
the work presented here, we extend that discussion and
use two more datasets to refine corrections to the origi-
nal tropical cyclone data.

Although airborne reconnaissance of tropical cy-
clones began in the mid-1940s in the both the North
Atlantic and western North Pacific, only a relatively
small subset of such storms were sampled. In particular,
only about half of the Atlantic basin was covered by
aircraft reconnaissance in the 1950s and 1960s, and in
the absence of satellites, some storms were undoubt-
edly missed or were poorly sampled; in the western
North Pacific, the coverage was worse. In addition,
early means of estimating peak wind speeds were primi-
tive, at best. Until the advent of surface-reflecting
Doppler radar in the late 1950s, wind speeds were often
estimated by visual inspection of the sea surface. How-
ever, in a few cases, estimates of central pressure were
made by either using dropsondes or integrating the hy-
drostatic equation down from flight level when radar-
derived altitude estimates became available. In these
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cases, it is possible to estimate wind biases by compar-
ing the wind and pressure estimates, as described pres-
ently. The errors that no doubt afflict the earlier data
work in both directions; undersampling can lead both
to overestimates and underestimates of storm intensity,
and estimation errors can also be of either sign.

In the calculation of the Atlantic power dissipa-
tion index presented in Emanuel (2005), the author
attempted to bias correct the pre-1970 wind records
following Landsea (1993). The original correction was
presented by Landsea (1993) as a table with seven en-
tries, to which Emanuel (Emanuel 2000) fit a polyno-
mial of the form

V' = V[l -2x107°V*, (A1)

where V' is the adjusted velocity and V' is the original
velocity (both in ms™"). This adjustment is applied to
the recorded wind speeds between 1944 and 1969, in-
clusive. Landsea (2005) points out that his original cor-
rection was not intended to increase indefinitely with
wind speed. We have therefore developed a new curve
fit to Landsea’s (1993) correction that tapers to zero at

120 kt, namely,
V—-23
39 ’

where again V' is the adjusted velocity and V is the
original velocity (both in m s~'). This correction is only
applied for wind speeds between 23 and 62 ms~ !, and
only during the years 1944-69, inclusive. We do not
correct wind speeds higher than 62 m s~ !, because there
are not many measurements in these higher ranges and
we wish to be conservative in making the adjustment.

The technique for estimating central pressure from
reconnaissance aircraft did not change substantially
over subsequent years, although the pressure was mea-
sured more frequently in later years. Changes in the
wind speed-pressure relationship around 1970 moti-
vated Landsea’s original corrections. Figure Ala pre-
sents a scatterplot of uncorrected winds against central
surface pressures for all historical data for which both
were available, and for which the central pressure was
less than 1000 hPa. The data have been divided into
pre- and post-1970 periods. The thick curved lines for
each period represent curve fits for the function

V= V[l —0.14 sin(ﬂ- (A2)

p. = 1000hPa — aV?”, (A3)

where the constants @ and b are determined by regress-
ing the logarithm of (A3). This is similar in mathemati-
cal form to the wind—pressure relationships derived re-
cently by Brown et al. (2006).
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FiG. Al. Scatterplots of observed central pressure vs maximum
surface wind speed from the Atlantic best-track data between
1944 and 1969 (blue), and after 1969 (red). (a) The uncorrected
data and (b) the corrected winds that have been corrected us-
ing (A2) are shown. The curves are best fits of the function given
by (A3).

Although there is a great deal of scatter in the wind-
pressure relationship in both periods, it is clear from
Fig. Ala that winds are generally higher for the same
pressure before 1970 compared to after 1970. Figure
Alb has the same form as Fig. Ala, but uses the cor-
rected velocities given by (A2) in the pre-1970 period.
Judging from the curve fit, the correction given by (A2)
is conservative.

The advent of better observations later in the record
may also affect estimates of trends in wind speed. There
is some indication that wind speeds in the Atlantic in
the period from 1970 through the early 1990s may have
been underestimated relative to the periods before and
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after that interval (C. Landsea 2006, personal commu-
nication). As a test of this idea, we further sub-
divided the period 1970-2005 into two subperiods:
1970-91 and 1992-2005. Figure A2 is similar to Fig. Al,
but compares these two periods, with curve fits as be-
fore. There is a hint that the wind speeds are a little too
small in the later period, but the difference is not sig-
nificant.

Another transition in observing capability took place
around 1997, when GPS-based dropsondes capable of
superior wind estimates were introduced (Franklin et
al. 2003). This led to an upward revision in the relation-
ship used to estimate surface wind speeds given typical
flight-level winds. To detect a possible bias arising from
this, as well as the aforementioned transition in the
early 1990s, we compare the best-track Atlantic data
with a new estimate based on a systematic and uniform
reanalysis of satellite data (Kossin et al. 2007). The data
were obtained from James Kossin, and provide esti-
mates of wind speed every 3 h for most (but not all)
Atlantic storms from 1983 to 2005, inclusive. To ac-
count for missing storms in this dataset, we calculated
the power dissipation index for each year based on this
subset of storms, from the original best-track data, and
from the full set of storms in the same best-track data.
The difference between these two is attributed to the
missing storms. We then multiply the power dissipation
index based on the new reanalysis data by the ratio of
the PDI based on both the full and subset of the best-
track data. This correction is small everywhere. Figure
A3 compares the evolution of the PDI from the ad-
justed reanalyzed satellite data to the original best-

5507
7 .
6
s5-
§
> 4t
£
°
=3
=]
o
ol
1t ,
0 i ; ; i
1980 1985 1990 1995 2000 2005

Year

F1G. A3. Time sequence of the (unfiltered) power dissipation
index based on unadjusted best-track data (blue) and on the basis
of a reanalysis of satellite-based estimates by Kossin et al. (2007)
(green), slightly corrected for missing storms as described in the
appendix.

track data. While there are indeed differences, they are
small, and there is no obvious bias change in the early
1990s or around 1997.

Based on this analysis, we use the best-track esti-
mates of PDI with the aforementioned bias adjustment
for the years prior to 1970.

In the western North Pacific region, there are yet
more serious problems with the tropical cyclone
datasets, as discussed in the online supplement to
Emanuel (2005). Here we compare the PDI estimated
as being bias corrected by Emanuel (2005) to two other
estimates. The first of these is the reanalyzed satellite-
based estimates of Kossin et al. (2007), corrected for
missing storms as described above, and the second is
the tropical cyclone archive maintained by the Japanese
Meteorological Agency (JMA). In the latter case, we
simply take the central pressures reported in the ar-
chive and convert them to wind speeds using

V =5.95\/(1010 — p,),

where p, is the reported central pressure (hPa) and V'is
the maximum wind speed (m s~ ). [This is “Takahashi’s
formula,” used by JMA for wind—pressure conversions
(K. Kishimoto 2006, personal communication); the
JMA data are available online at http://www.jma.go.jp/
jma/jma-eng/jma-center/rsmc-hp-pub-eg/besttrack.
html.] No corrections of any kind were applied to the
JMA data. Figure A4 compares the three estimates of
PDI for the western North Pacific. In general the agree-
ment is quite good, with two interesting exceptions. The
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appendix.

JTWC data have a large upward spike in 1997, which is
much reduced in both the JMA and University of Wis-
consin—Madison (UW)/National Climatic Data Center
(NCDC) data. Moreover, the large values of PDI in
2005 in the Joint Typhoon Warning Center (JTWC)
and JMA datasets are not apparent in the UW/NCDC
data. In general, the UW/NCDC reanalysis is in better
agreement with the JMA data than with the JTWC
data. For this reason, we create a blended dataset, us-
ing the UW/NCDC data for the whole period over
which it was compiled (1983-2004), and the JMA
data from 1951 to 1982, inclusive. All of the discus-
sion and figures in the main body of this paper pertain
to this blended dataset. It is interesting to note that the
r* value between the smoothed SST and smoothed
PDI was 0.40 prior to 1983, when the JMA data were
used, but only an insignificant 0.01 during the interval
1983-2004, when the Kossin et al. (2007) data were
used; these value can be compared to the r* value of
0.33 for the blended data extending over the whole
period.

Finally, the evaluation of the quality and biases in the
wind data by comparison with measured central pres-
sures may be influenced by trends in storm size, storm
latitude, and environmental surface pressure, because
all three of these factors affect the relationship between
maximum wind speed and central pressure, as shown in
a recent paper by Knaff and Zehr (2007). Thus, ideally,
in correcting winds using central pressure estimates,
trends in storm size, latitude, and environmental sur-
face pressure should be accounted for.
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