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X-2 SWANSON: TROPICAL CYCLONE SCALING

Theory suggeds tropical cyclonemaximum potential intensity increases
with increasingoceantemperature. However, most tropical cyclonesfail to
achieve this maximum intensty. Instead, empirical studiessuggeg that trop-
ical cycloneintensities are uniformly distributed between this maximum po-
tential intensity and an intensity that marks the transition betweentr opi-
cal storm and hurricane scding regimes.Here it is showvn that this transi-
tion shifts signibcartly on interannual to interdecadd time scalesin both the
North Atlantic and Wedern North Pacibcbasins.The intensity at which this
transition occurselectively determinesthe fraction of tropical cyclones en-
tering the hurricane scalingregime, and as sud, strongly impacts the frac-
tion of tropical cyclonesthat beame intense. The increasein the fraction
of intensetropical cyclonesin recert decadesesults primarily from a shift
in this scalingtransition toward weaker winds rather than an increasein the
maximum potential intendty directly attributable to rising seasurfacetem-
peratures This scalingtransition is shavn to be sensitive to seasurface tem-
perature (SST) anomaliesin the tropical cyclonemain dewlopmer regons
relative to tropical mean SST anomalies,in contrast to the maximum po-

tential intensity which scaleswith the SST itself.
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SWANSON: TROPICAL CYCLONE SCALING X-3

1. Introduction

Recen studieshave found an apparert increasein the proportion and number of tropical
cyclones(TCs) that becomeintense[ Webster et al., 2006] along with links of this increase
to positive sea surface temperaure anomalies [Emanuel, 2005 Hoyos et al., 200§ and
possibly globad warming [Trenberth, 2005. Howewer, the senstivity of TCs to changes
in seasurfacetemperature (SST) remains controversial [Landsea et al., 2006; Shapiro
and Goldenberg, 198], as modeling and theoretical studiessuggestonly smdl changesto
TC intensties given the obsened 0.5°C SST warming that has occurred sincethe 19700s
[Emanuel, 1983; Knutson et al., 200L]). Further, satellite reanalysissuggsts no increasein
the fraction of intenseT Cs outside the North Atlantic basin[Kossin et al., 2006]. Trends
in TC intensty are di"cult to discern,as statistics are inherertly noisy dueto Ruduating
storm numbersand life spans. As the theory underlying TC intensitiesspecibcallypredicts
only the maximum potertial intensity, it is necesaly to cortrol for these other factors if
the regponse of the TC intensity to changesin SSTis to be understood.

Examining TC maximum intensity distributio ns provides oneroute toward quartifying
changesin TC behavior. Insofar assteady-state thermodynamic theory providesan upper
bound for storm intensty (the so-calledmaximum potential intensity (MPI) [Emanuel,
1988, Holland, 197],the complememary cumulativ e distribut ion function (CDF) of trop-
ical cyclone maximum winds is bounded[Emanuel, 2000]. Emanuel [2000] found that the
CDF of obsened maximum wind speedsfor hurricanes,normalizedby the MPI, decreases
linearly from somelower intendty bound to zero as the storm maximum intensity ap-

proachesthe MPI. Curiously, while the normalization by the MPI is theoretically robugt,
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X-4 SWANSON: TROPICAL CYCLONE SCALING

the lower intensity bound is basedupon the empirical obsenation that tropical storm-
strength TCs scaledi! erertly than hurricanestrengh TCs. Whether this lower bound is
robugt to changesin the largescaleervironmernt hasnot beenexplaored. However, the im-
portanceof this lower bound cannd be overestiméaed; it electively cortrols the fraction
of TCs that enter the hurricane scalingregime. As sudy, it is asimportant to determining

the fraction of intenseTCs as the MPI itself.

2. Tropical cyclone scaling behavior

We examine TC winds for the period 1950-2005 in two tropical cyclone basins; the
North Atlantic (NATL) based upon Tropical Prediction Center besttradk reandysis, and
the wedern North Pacibc (WNPAC) basedupon Joint Typhoon Warning Certer (JTWC)
bed track data. While potential debci@ciesof the JTW C WNPAC besttrack data have
been discussedby Wu et al. [2006], the continuity, consigency, and lengh of the record
make it the bestavailable data sourcefor this study. However, it is possiblethat cessatio
of aircraft probing of TCsin the WNPAC in 1987, along with depbciencieslueto changing
application of Dvorak techniquesmay contaminate any trends in the fraction of intense
TCs in that basin[Landsea et al., 2006]. If suc debPégenciesare present, they should be
apparent on an a posteriori basis, either as unprecederned statistical behavior compaed
to the remainder of the 1950-2005 period, unexplanable jumps in statistical quartities
at the 1987 threshold, or the breaking of relationships betweenstatistical quantit ies and
ervironmenrtal factors (e.g. SST) established prior to that point in time. The analysis
below is robust to the useof carected best track tropical cycloneintensities of Emanuel

[2005] .
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SWANSON: TROPICAL CYCLONE SCALING X-5

From this besttrack data, CDFs are calculaed by Pnding the maximum wind for each
individual TC, and calculaing the total fraction of TC ewents for which the maximum
wind speedexceedsa spedbedvalue. All everts with maximum wind speeds20 ms™! or
greater are included.

Figure 1 shavs the CDF of TC maximum winds is well approximated by two distinct
linear saling regimesin both the NATL and WNPAC basins. A tropical storm scaling
regime extendsfrom 20 ms~! to roughly 40 ms™! in ead basin, and indicates that TC
maximum winds in this range are uniformly distributed, i.e., TCs attaining maximum
winds in this range exhibit no preferenceas to the value of that maximum. Following a
break in scaing marked by a changein slope, a hurricane scaling regme extends from
40 ms™!. Sincethe probability distributio n function is proportional to minus the slope of
the CDF, this indicates an equal, but lower likelihood that hurricanes will achieve a given
intensity up to but not beyond an empirical MPI marked by the intercept of the linear
bt with the abscissa.Note that the transition between thesetwo scaing regimeslies nea
the boundary of Category 1 (> 33 ms!) and Category 2 (43 to 53 ms™!) storms on the
Sa'r -Simpsa scalein all basins i.e., well within what have traditionally been classibed
as hurricane strengh storms.

These two linear regimes of TC scaling have been previoudy recoqiized relative to a
derived storm dependert MPI [Emanuel, 2000]. Howewer, the distinct linear regimes exist
in both hurricane basins wit hout referenceto any storm-dependent quartities. Note that
the fraction of TCs ertering the hurricane saling regime varies between the two basins,

asonly 30% of TCs in the NATL ernter the hurricane scaling regime compared to 50%
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X-6 SWANSON: TROPICAL CYCLONE SCALING

of TCs in the WNPAC. For this reason, it is uselll to considerthis scaling break as a
gatekeeper that determinesthe fraction of TCs entering into the hurricane saling regime.
Shifts in the wind speedat which this break occurs will materially impact the proportion

of TCsthat becomeintense

3. Scaling changes

Solecortrol of TC intensity by a thermodynamicdly determined MPI would be marked
by a changein the sdope of the CDF in the hurricane scalingregime,without any change
in the wind value at which the break between the linear scaling regimes occurs. This
doesnot appea to be the casein either the NATL or WNPAC basins. Instead, Figure 2
shawsthat interdecadal changesin the CDFs in both basinsare dominated by shiftsin the
break betweenthe tropical storm and hurricane scaing regimes. Specibally, during the
period 19581965 the scaling break occurred at between25-30 ms~! in both basins,with
more than 80%of TCs entering the hurricane scading regimeand a consequehincreasein
fraction of TCsthat becameintense(maximum wind > 60ms™1!) relative to the respedive
climatological CDFs of Figure 1. Cornversely during the periods 1966-1973 (NATL) and
1974-1981 (WNPAC), fewer than 30%of TCs entered the hurricane scalingregime in the
respective basing and an individual TC was roughly half aslikely to becmme intense asit
wasduring the period 1958-1%5. The mostrecert period 1998-2005 hasshown areversion
toward the behavior of the 1958-1965 period, with an increasedfraction of TCs erntering
the hurricane scalingregme and a marked upswing in the fraction of TCs that beamme
intensecompared with the 19661973 (NATL) / 1974-1981 (WNPAC) periods. Curiously,

the tropical storm scalingregimein both basins appearsrobust, as the best linear bt to
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SWANSON: TROPICAL CYCLONE SCALING X-7

this regime variesby a statistically insigniPcant amourt betweenall time periodsin both
basins. In addition, the empirical MPI is robust, varying by lessthan 5 ms~! compaed
the 20ms~! variation in the wind speedat which the break betweenthe TC and hurricane
scalingregimes occurs.

Notably, the behavior of the TC maximum intensity CDF over 19982005 in both basins
falls within the rangeof TC scalingbehavior compaedto ealier periods. Moreover, Figure
2 suggeststhat if anomdies in TC intensity estimaion have occurred in the WNPAC,
they are the result of an interesting convergenc of choicesat the beg track level, choices
that left the tr opical storm scaing regimeunchangedwhile preservingthelinear character
of the hurricane saling regime.

The marked interdecada variabilit y in this scaling behavior suggeststhat straightfor-
ward interpretation of the responseof TC intendty to increasingSSTsin terms of an
increasein MPI is fundamertally Rawed, as the structure of the CDFs changesmarkedly
on thesetime scales,while the empirical MPI remains roughly bPxed. Changesin CDF
scaling behavior appear to dominate any changesin the MPI, regardless of whether one

is intereded in an average TC intengty or the fraction of TCs that becomeintense

4. A Global Bifurcation in the Main Development Region

Changesin the average TC intensity are dominated by changesto the intensity of storms
originating in the main dewelopment region (MDR) in thesetwo basins. Let us consider
in detail storms that originate in the NATL MDR, which hereis debnel as 20°-60° W,
6°-16> N. Figure 3a shaws the time evolution of average intendty for TCs originating

within the NATL MDR, estimated by smply integrating the CDF, wherethe CDFs are
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X-8 SWANSON: TROPICAL CYCLONE SCALING

constructed by accurnulating storm statistics over running 3 yea periods. Curiously, the
average TC intensity over the period appearsto RBip bak and forth between two states,
onewith intensity greaterthan 45 ms~! and another with intensity lessthan40ms-!. The
appaent bimodality emegesmoreclearly in the histogram of theseintensties(Figure 3b).
The separdion betweenthe two pedks in intensity suggeds jumps in either the scaling
behavior or the MPI.

Consisternt with this bimodal behavior, the CDF for intenseyeas, i.e., yearswherethe
average TC intendty for storms that originate in the MDR exceedshe median, dilers
substartially from the CDF for mild years(Figure 3c). TCs that dewop in the MDR
during intense years exhibit approximate linear scaling from 20 ms™! to the empirical
MPI (roughly 75 ms™!). In cortrast, TCs that dewelop in the MDR during mild years
have well debnedlinear tropical storm and hurricane saling regimes with the transition
betweenthe two scalingregimesoccurring at roughly 35 ms™.

The marked dilerence in scalng as well as average intensity betweenintenseand mild
yeas suggeds the presance of a globd bifurcation of MDR basin TC dynamics, at least
in the NATL basin. During intenseyears, basically all TCs enter the hurricane scaling
regime, with the result that hurricanesof all intensties are roughly twice as likely as
during mild yeas. This markedly dilerent behavior occurswithout a signibcart change
to the empirical MPI, which is consistent with the relatively weak sensitivity of MPI to
changesin underlying SSTs[Emanuel, 1983].

Behavior reminiscent of this is found in the WNPAC MDR, but interpretation is more

complicaed given the much higher level of interannual variability assaiated with El
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SWANSON: TROPICAL CYCLONE SCALING X-9

Niro [Camargo and Sobel, 2005]. This interannual variability, coupledwith the fact that
the WNPAC appeas to prefer a hurricane-only scaling regme, obscuresany bimodal
behavior. Howeer, the qualitative behavior of the CDFs, suth as shown in Figure 2,

strongly resanblesthat obsevedin the NATL.

5. Trends

An important quegion is what underliesthe interdecada variation in TC intensity in
the NATL and WNPAC apparert in Figures 2 and 3. Following Emanuel (2009, the
SSTin the main dewvdlopmen region (MDR) is certainly a candidate. For the purposes
here, the NATL MDR is debnedas 20°-60° W, 6°-16° N, while the WNPAC MDR is
130°-180 E, 5°-15° N, and we consider August-Setember SSTsin each basin. The SSTs
are taken from the HADSST2 data sd for 19502005 [Rayner et al., 2006]. To minimize
the impact of interannual variabilit y, statistics are accunulated over a 7 year period, and
for completenessthe CDFs include TCs that dewelop inside and outside the MDR. In
the NATL, Figure 4b showvs the marked interdecadal swing in intengty from Figure 3a
remains(Figure 4b), with TC intensities anomalausly large during the 1950040 the mid-
19600saround 1980, and from 1995. In the WNPAC, Figure 4c shaws that intensities
werelarge in the 19500%0 mid 19600sdeclined to roughly 1975 and have increasedsince
that point in time to the presen. Signibcartly, average TC intensities in both basins
wereas large during the 19500and 19600 during the period 19982005. Viewed in the
light of Figure 4, the period 1975-2004 examinedby Webster et al. [2005 is fortuitous; it
capturesthe minimum of TC intensities during the 19700and the subsequer increasein

TC intensities. Howewer, the post-1975 upward intensity trend over this period doesnot
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X-10 SWANSON: TROPICAL CYCLONE SCALING

appearto mark a fundamertal shift in TC intensity behavior; this behavior is still within
the upper bound set during the 19500én both the NATL and WNPAC basins.

Curioudly, Figure 4a shaws that the SST in the respedive MDRs was mostly 3at over
the period 19501975, inconsigent with the large decreasen TC intensity in both basins
over this period. While TC intengties have generally increasedwith MDR SST in both
basins post-195, the failure of MDR SST to explain intensity behavior prior to 1975
suggests MDR SST by itself is not sucie nt to explain TC intensities. Quartitat ively,
the correlation between the SST in the respective MDRs and ead basinOswerage TC
intensity is insignibcart given the number of degreesof freedomhere.

An alternativ e candidde is the deviation of the SST in the MDR from the Northern
Hemisphee tropical mean SST (0° - 15° N), i.e. the relative MDR SST anomdy. In
cortrast to the MDR SSTin isolation, Figure 4b,c shows that this relative SST anomaly
varies in a manner quite similar to the average TC intendty in both the NATL and
WNPAC. The fraction of variance explainedis in exces of r?> = 0.5 in the NATL and
r?2 = 0.3 in the WNPAC over the period 195-205. This suggeststhat when SSTs in the
MDR are high relative to the tropical mean SST in a given basin, TC intensity responds
quite strongly. This behavior is consigent with the tendencyfor regions of anomalousy
warm SST's to cannibalize moist cornvection in the tropics, most apparert in the global-
scalereorganization of corvective behavior that occursduring El Niro everts.

The apparent link between the MDR relative SST and TC intensity suggeds relative
MDR SSTanomaliesact as a Oswita(or TC intensity, with yearsof intenseTCs occurring

when the anomadous relative MDR SST is positive and mild TCs when the anomadous
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SWANSON: TROPICAL CYCLONE SCALING X-11

relative MDR is negative. The relationship is clearer in the NATL, perhapsagain dueto

the smaller level of interannual variability asscciated with EI Niro in that basin.

6. Discussion

The results hereshav that recent TC intensity changesin the NATL and WNPAC are
the result of changes in saling behavior and are not primarily a responseto increased
MPI. Thosechangesappearto be asscciated with SST anomaliesin the main dewvelopmert
regions relative to the tropics as a whole, not the main developmert regon SST anomalies
themseles.

There are se\eral troubling aspects to this empirical obsenation. First, there is no
guarantee that the scaling behavior in either MDR is robust. There is no compelling
theoretical explanation why a linear hurricane scalingregimethat extendsfrom 20 ms™!
to the MPI as shown in Figures 2 and 3c ewen exists, let alone why it shauld mark the
upper limit of TC transition probabilit y from tropical storm-strength systemsto hurricane
strength systems.

Secondly the scalingbehavior for T Cs originating in the MDRs suggestsextrapolation
of past sensitivities to underlying ervironmertal factors sud as SSTsis itself a dangeious
proposition. Past sensitivity appearsto be assaiated with an underlying bifurcation and
assaiated changes in scaling behavior, particularly in the NATL (Figure 3), and it is
unclear whether futur e increasesn relative SST anomadies will result in similar changes
in average TC intensity.

Finally, the apparent sensitivity of TC intengty to relative MDR SST anamalies is

itself troublesome. How theserelative SST anomalieswill change under global warming
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X-12 SWANSON: TROPICAL CYCLONE SCALING

scenarios is unclear, as modeding relative SST anomdies is a much more di"cult task
than modeling SST anomdies for the tropics as a whole. As sudh, it is unclear whether
the coincidert increase in MDR SST anamalies and relative MDR SST anomadlies since
the mid-19700shavn in Figure 4 will cortinue. Given this state of alairs, projections of

changesin TC intensity due to future globd warming must be approached cautiously.

Acknowledgments. This paper benebted enamously from the commeris of two
anonymous reviewers, aswell as comments from Jim Elsner and AnastasiosTsonis. KLS

was supported by a grant from NSF under the CLIVAR program.

References

Camago, S. and A. Sabel (20(), Wedern north Pacibc tropical cycloneintensity and
ENSO, J. Climate, 18, 29%-3@6.

Emanuel, K. A. (1988), The maximum intensity of hurricanes, J. Atmos. Sci., 45, 1143
1155.

Emanuel, K. A. (2000), A statistical analysis of tropical cycloneintensty, Mon. Wea.
Rev., 128, 113-1152.

Emanuel, K. A. (20®), Increasingdedructivenessof tropica cyclonesover the past 30
yeas, Nature, 436, 686-688.

Holland, G. J. (1997), The maximum potential intendty of tropical cyclones J. Atmos.
Sci., 54, 2519-2541

Hoyos, C. D., P. A. Agudelo, P. J. Webster, and J. A. Curry (2006), Decorvolution of the

Factors Contributing to the Increase in Global Hurricane Intensity, Science, 312, 94-97

DRAFT July 11, 2007, 10:21am DRAFT



235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

SWANSON: TROPICAL CYCLONE SCALING X-13

Knutson, T. R., R. E. Tuleya, W. Shen,and I. Ginnis (200L), Impact of CO,-induced
warming on hurricaneintensitiesas simulated in a hurricane model with ocean coupling,
J. Clim., 14, 2438-2468.

Knutson, T.R. and R.E. Tuleya (2004), Impact of CO,-Induced Warming on Simulated
Hurricane Intensity and Precipitation: Sensitivity to the Choice of Climate Model and
Convective Parameterization, J. Clim., 17, 3477-3495.

Kossin, J. P., K. R. Knapp, D. J. Vimont, R. J. Murnane, and B. A. Harper (2007, A
globally consistent reanalysis of hurricane variability and trends, Geophys. Res. Lett.,
34, L04815

Landsea C. W., B. A. Harper, K. Hoarau, and J. A. Kna! (2006), Can we detect trends
in extreme tropical cyclones?Science, 313, 452454.

Levitus, S., Antonov, J. I., and T. P. Boyer (20095, Warming of the World Ocean 1955-
2003, Geophys. Res. Lett., 32, L02604

Mann, M.E. and K.A. Emanuel (2006, Atlantic hurricanetrendslinkedto climate change,
FEOS, 87, 233235.

Rayner, N.A., P.Brohan, D.E.Parker, C.K. Folland, J.J.Kennedy M.Vanicek, T.Ansell
and S.F.B.Tett (2006), Improved analyses of changesand uncertainties in seasurface
temperature measured in situ sincethe mid-nineteenth certury: the HadSST2data set.
J. Climate, 19, 446469,

Shapiro, L.J., and S.B. Goldenberg (1998), Atlantic seasurface temperaturesand tropical

cycloneformation, J. Climate, 11, 578590.

DRAFT July 11, 2007, 10:21am DRAFT



X-14 SWANSON: TROPICAL CYCLONE SCALING

= Trenberth, K. E. (20(), Uncertainty in hurricanes and global warming. Science, 308,
257 1753-174.

» Webster, P. J., G. J. Holland, J. A. Curry, and H.-R. Chang (2005), Changes in tropical
= cyclonenumber, duration, and intensity in a warming ervironmert, Science, 309, 1844
x 1846

« Wu, M.C., K.H. Yeung, and W.L. Chang (2006, Trendsin Wegern North PacibcTropica

x  Cyclonelntensity, £FOS, 87, 537-538

DRAFT July 11, 2007, 10:21am DRAFT



263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

SWANSON: TROPICAL CYCLONE SCALING X-15

Fig. 1. Complemertary cumulative distribut ion function of tr opical cyclone maximum
winds for the North Atlantic (NATL) and western North PaciPc(WNPAC) basins. Pluses
indicate points usedin the tropical storm scalingregime linear bt and circles points used
in the hurricane scale regime linear bt. All linear bts are signiPcant with 72 > 0.99.

Fig. 2. Tropical cyclonemaximum intensity CDF in the NATL and WNPAC basin for
the periods indicated in ead respective panel. Solid lines indicate least squaes bts for
the hurricane scalingregme, and the dashedline is the respective tropical storm scaling
regimefrom Figure 1.

Fig. 3. (a) Averagetropical cycloneintensty for storms originating in the NATL main
dewelopment regon. (b) Histogram of the intensitiesin panel (a). (c) CDFs for storms
during intense (heavy solid) and mild (intermediate solid) yearsfor TCs originating in
the NATL MDR. Also shavn for compaiison is the CDF for tropical cyclonesoriginating
outside the MDR (dotted), which exhibits exponential scaling.

Fig. 4. (a) SST anomaliesfor the NATL and WNPAC main dewelgoment regions, along
with thetropical meanSSTanomaly. (b) TC intensity anomaly for the NATL along with

the NATL relative MDR SST anamaly. (c) As in (b), but for the WNPAC.
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