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PREPARED DIRECT TESTIMONY OF STEPHEN A. SMITH ON BEHALF OF 

SOUTHERN ALLIANCE FOR CLEAN ENERGY 

7 Q. Please state your name, business address, and position with the Southern Alliance 

8 for Clean Energy. 

9 A. My name is Stephen A. Smith, and my business address is P.O. Box 1842, Knoxville, TN 

37901, I am the Executive Director of the Southern Alliance for Clean Energy. 10 

11 Q. Please describe the Southern Alliance for Clean Energy. 

12 A. Southern Alliance for Clean Energy (SACE) is a non-profit, nonpartisan organization that 

13 promotes responsible energy choices that solve global warming problems and ensure 

14 

15 

clean, safe and healthy communities throughout the Southeast. We have offices and staff 

in Florida, North Carolina, Georgia, and Tennessee. 

16 Q. Please state briefly your education, background and experience. 

17 A. I graduated from Kentucky Wesleyan College in 1988 with Bachelor of Science degree in 

18 biology and chemistry. I received a Doctorate in Veterinarian Medicine from the 

19 University of Tennessee in 1992. 

20 Since 1983, I have worked with non-profit environmental and energy advocacy 

21 

22 

23 

organizations. In 1993, I became the Executive Director of the Tennessee Valley Energy 

Reform Coalition, which became the Southern Alliance for Clean Energy in 2000. 
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Over the past 20 years I have served in a number of advisory roles including one with the 

Tennessee Valley Authority (TVA), from 1994-1 996 on their Integrated Resource Plan 

Review Group. I later served two terms on TVA’s Regional Resource Stewardship 

Council from 2000-2002 and 2002-2004. I currently serve on TVA’s Green Power 

Marketing Committee. 

I served on the Tennessee Valley Electric System Advisory Committee for the United 

States Department of Energy from 1997- 1998. 

From 2000-2005, I served on the national governing board of the Center for Resource 

Solutions’ (CRS) National Green Power Accreditation. 

Currently, I serve on Florida Power and Light’s Green Power program Advisory Board 

and as the co-chair of the US Climate Action Network. The United States affiliate of 

Climate Action Network International, a worldwide network of 340 Non- governmental 

Organizations (NGOs) working to promote government and individual action to limit 

human-induced climate change to ecologically sustainable levels. 

I also currently serve on the North Carolina Legislative Commission on Global Climate 

Change and the North Carolina Climate Action Planning Advisory Group. 

I have testified before the United States Congress and state regulatory commissions in 

Florida, North Carolina, and Georgia. 

A copy of my resume is attached as Exhibit (SS-1). 

Q. 

A. 

What is the purpose of your testimony? 

This testimony is submitted in support of Southern Alliance for Clean Energy’s (SACE) 

intervention advocating for the best least cost option to meet future power demand for 

Florida customers of Tampa Electric Company (“TECO”). My testimony highlights our 

2 



1 

2 

3 

4 

5 

6 

7 

8 

9 Q* 

10 

11 A. 

12 

13 

14 

15 

16 

17 

18 

19 

20 Q. 

21 

22 

23 

concern that TECO’s proposal to build a new coal-fired power plant unit without 

pursuing all reasonably available conservation measures and without incorporating 

carbon capture and sequestration creates an unacceptable financial risk to Florida 

ratepayers. That the facility’s carbon dioxide (CO2) emissions exacerbate the major cause 

of global warming leading to increased economic hardship for the citizens of Florida. 

That building a large coal-fired power plant with no firm plans to capture and sequester 

the massive carbon emissions runs counter to Governor Crist’s Executive Orders for 

decreasing emissions of global warming pollution in Florida. 

Why do you believe that TECO’s proposed coal-fired plant is not the least cost 

option and represents an unacceptable risk to Florida ratepayers? 

As presented in the testimony of David Nichols, I do not believe that TECO has a plan to 

fully exploit all cost effective demand side management (“DSM”) options before building 

the proposed new generation unit. Properly planned and executed energy efficiency is the 

least cost option both economically and environmentally. 

Also, TECO has chosen a technology for burning coal that will create a massive volume 

of COz emissions with no firm commitment to control these emissions. There is strong 

evidence that TECO will be forced to control these massive carbon emissions during the 

life of this plant, adding a significant cost to the operation of these facilities which was 

not taken into account in the application for certificate of need. 

What evidence do you have that TECO will be forced to control carbon emissions 

during the life of the proposed unit? 

The most specific evidence is the recent Executive Orders issued by Governor Charlie 

Crist. I have attached copies of Executive Orders 07-127 and 07-128 as Exhibits 
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and (SS-2 and -3). Executive Order 07-127 sets out Immediate Actions to Reduce 

Greenhouse Gas Emissions within Florida, including actions that will affect TECO within 

the lifetime of proposed Polk Unit 6. These include rules being developed by the 

Department of Environmental Protection (“FDEP”) that would require the electric utility 

sector to reduce greenhouse gas emissions to year 2000 levels by 2017, to 1990 levels by 

2025 and to 20% of 1990 levels by 2050. FDEP issued a Notice of Proposed Rule 

Development on July 27,2007, and has held one workshop for the development of these 

rules. A copy of the Notice is attached to my testimony as Exhibit (SS-4). Due to 

the growth of greenhouse gas emissions from Florida electric utilities since 2000, in order 

to meet these targets the utilities in aggregate would need to reduce emissions by 6% by 

2017,30% by 2025, and 86% by 2050, as compared to 2004 levels. Of course, levels 

have increased between 2004 and 2007. See Exhibit (SS-5), Electric Utility 

Greenhouse Gas Emissions Reduction, Presentation by Department of Environmental 

Protection, Division of Air Resource Management, for Initial Rule Development 

Workshop, August 22,2007. 

With TECO proposing to add a 632 MW coal plant, in addition to other generation 

capacity for peaking needs, it doesn’t seem likely that TECO could meet the greenhouse 

gas emission reduction targets without carbon capture and sequestration (“CCS”). I agree 

that TECO has chosen the coal technology (IGCC) that makes CCS the most feasible, but 

the application for certificate of need does not contain the necessary information to 

evaluate the economics of Polk Unit 6 with CCS as compared to other alternatives. Nor 

does it contain any commitment to installing CCS. 
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Executive Order 07- 128 anticipates that other reductions will come out of the Florida 

Energy and Climate Change Action Plan, and also directs that the Plan shall include 

“strategies to diversify Florida’s electrical generation fuels to reduce greenhouse gas 

emissions and protect Florida consumers from fuel price volatility.” A new coal-fired unit 

for TECO could not achieve these goals without CCS. 

Are there other costs that the greenhouse gas emissions from this coal plant would 

impose on the citizens of Florida? 

The greatest cost will be to the public health and safety as a result of the contribution of 

these emissions to global warming. Public health and safety costs can be translated into 

economic damages, infrastructure replacement costs, and higher insurance premiums. As 

stated in Governor Crist’s Executive Orders, “with nearly 1350 miles of coastline and a 

majority of citizens living near the coast, Florida is more vulnerable to rising ocean levels 

and violent weather than any other state.” Exhibit - (SS-6) shows a map of the 

vulnerable regions of coastal Florida to sea level rise. Florida’s location and low-lying 

topography make the state highly vulnerable to two climatic phenomena: tropical 

cyclones and sea level rise. Both will intensify in the coming years as our climate warms 

in response to the increase in C02 in the atmosphere. There is a growing body of evidence 

that global warming pollution has increased and will continue to increase hurricane 

intensity, although global warming pollution’s impact on the frequency of tropical 

cyclones is still being debated. In Exhibits - and (SS-7 and -8), I provide 

reference to documented increases in tropical storm intensity due to rising atmospheric 

COz levels and corresponding increases in ocean temperatures and discussion of the 

science behind these emerging facts. Exhibit - (SS-9) shows that Florida is already in 

5 



. 

1 

2 

3 

4 Q* 

5 

6 A. 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 Q. 

18 A. 

19 

the top four states for weather-related damage with the annual costs in billions of dollars. 

The expected increase in hurricane intensity coupled with sea level rise will have a 

significant cost to the citizens of Florida. 

Do the Governor’s Executive Orders contain other mandates that will have an 

impact on the need for the proposed TECO coal-fired power plant? 

Yes, Executive Order 07- 127 directs the PSC to develop new regulations requiring 

electric utilities to produce at least 20% of their electricity from renewable sources with a 

strong focus on solar and wind energy. Compliance with this Renewable Portfolio 

Standard would greatly reduce or eliminate the need for the proposed new coal unit. At 

the very least, TECO should be required to reevaluate the use of renewable sources as a 

result of the Executive Order, because its need study dismisses solar and wind as 

providing any significant portion of TECO’s electricity generation. Furthermore, 

Executive Order 07- 127 contains requirements to increase the efficiency of building and 

consumer product energy efficiency standards by 15%. This would also reduce TECO’s 

demand beyond what was projected by the utility in its need study and should require 

further evaluation. 

Does this conclude your testimony? 

Yes. 
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Stephen A. Smith 

Occuuation 

1993-present 
Executive Director, Southern Alliance for Clean Energy, Knoxville, Tennessee. 

1992- 1993 
Oak Ridge Education Project (OREP), Knoxville, Tennessee, Staff. Addressing environmental and 
national policy issues surrounding the Oak Ridge Nuclear Reservation, Oak Ridge, Tennessee 

Academic 

1988-1992 
University of Tennessee College of Veterinary Medicine, Knoxville, Tennessee. Doctor of Veterinary 
Medicine degree. 

1983-1988 
Kentucky Wesleyan College, Owensboro, Kentucky. 
Bachelors of Science degree, Biology Major, Chemistry Minor. 

Professional Experience 

Currently serve as Co-Chair United States Climate Action Network 

Currently serve on North Carolina Legislative Commission on Global Climate Change and the North 
Carolina Climate Action Planning Advisory Group 

Currently serve on TVA’S Green Power Marketing Team 

Currently serve on FPL’s Green Power Marketing Advisory Group 

2000-2005 served on Center for Resource Solutions (CRS) National Board for Green Power 
Accreditation 

2000-2004 served two terms on TVA‘s Regional Resource Stewardship Council. 

1997-1998 Served on the Tennessee Valley Electric System Advisory Committee for the Secretary of 
Energy. 

TVERC representative to the Tennessee Valley Authority’s Energy Vision 2020 Integrated Resource 
Plan (IRP) Review Group, May 1994-June 1995 

Testified on the operations of the Tennessee Valley Authority, before U.S. House of Representatives, 
Committee on Public Works and Transportation, Subcommittee on Investigations and Oversight, March 9, 
1994. 

Testified before the Georgia Public Service Commission on Georgia Power’s Green Power Program 

Testified before the Florida Public Service Commission on Florida Power and Light’s Green Power 
Program 



STATE OF FLORIDA 
OFFICE OF THE GOVERNOR 

EXECUTIVE ORDER NUMBER 07-127 

Establishing Immediate Actions to Reduce Greenhouse Gas Emissions 
within Florida 

WHEREAS, with nearly 1,350 miles of coastline and a majority of citizens living near 

that coastline, Florida is more vulnerable to rising ocean levels and violent weather than 

any other state; and 

WHEREAS, global climate change is one of the most important issues facing the State 

of Florida this century; and 

WHEREAS, Florida is the second fastest growing state in the union with respect to the 

annual increase of new greenhouse gas emissions; and 

WHEREAS, immediate actions are available and required to reduce emissions of 

greenhouse gases within Florida; and 

WHEREAS, efforts are underway at the national level to begin addressing greenhouse 

gas emissions; and 



WHEREAS, Florida has committed to becoming a leader in reducing emissions of 

greenhouse gases which are causing changing Earth’s climate; and 

WHEREAS, Florida, together with intemational leaders and experts, is hosting the Serve 

to Conserve Climate Change Summit on July 12 and 13,2007 in Miami, Florida; 

NOW, THEREFORE, I, CHARLIE CRIST, as Governor of Florida, in 

obedience to my solemn constitutional duty to take care that the laws be faithfully 

executed, and pursuant to the Constitution and laws of the State of Florida, do hereby 

promulgate the following Executive Order, to take immediate effect: 

Section 1. I hereby establish greenhouse gas emission reduction targets for the 

State of Florida as follows: by 2017, reduce greenhouse gas emissions to 2000 levels; by 

2025, reduce greenhouse gas emissions to 1990 levels; by 2050, reduce greenhouse gas 

emissions by 80% of 1990 levels. 

Section 2. 1 hereby direct the following actions by members of my 

Administration in order to produce immediate reductions in greenhouse gas emissions 

within Florida; 

1. The Secretary of Environmental Protection shall immediately develop rules as 

authorized under Chapter 403, Florida Statutes, to achieve the following: 

Adoption of a maximum allowable emissions level of greenhouse 

gases for electric utilities in the State of Florida. The standard will 



require at minimum, three reduction milestones as follows: by 201 7, 

emissions not greater than Year 2000 utility sector emissions; by 

2025, emissions not greater than Year 1990 utility sector emissions; 

by 2050, emissions not greater than 20% of Year 1990 utility sector 

emissions (Le., 80% reduction of 1990 emissions by 2050): 

Adoption of the Califomia motor vehicle emission standards in Title 

13 of the California Code of Regulations, effective January 1, 2005, 

upon approval by the U.S. Environmental Protection Agency of the 

pending waiver, which includes emission standards for greenhouse 

gases, submitted by the California Air Resources Board; and 

Adoption of a statewide diesel engine idle reduction standard. 

2. The Secretary of Community Affairs shall immediately: 

Convene the Florida Building Coinmission for the purpose of revising 

the Florida Energy Code for Building Construction to increase the 

energy performance of new construction in Florida by at least 15% 

from the 2007 Energy Code. The Commission should consider 

incorporating standards for appliances and standard lighting in the 

Florida Energy Code. Target implementation date for the revised 

Florida Energy Code for Building Construction is January 1, 2009; 

Initiate rulemaking of the Florida Energy Consenlation Standards, 

Chapter 9B-44, Florida Administrative Code, with an objective to 

increase the efficiency of applicable consumer products authorized 



under s. 553.957, Florida Statutes, by 15% from current standards for 

implementation by July 1,2009. 

Section 3. I hereby request the Florida Public Service Commission to take the 

following actions for the electric utility sector in order to open the market to 

clean, renewable energy technologies, thus avoiding future greenhouse gas 

emissions: 

Not later than September 1,2007, initiate rulemaking to require that 

utilities produce at least 20% of their electricity from renewable 

sources (Renewable Portfolio Standard) with a strong focus on solar 

and wind energy; 

Not later than September 1, 2007, initiate rulemaking to reduce the 

cost of connecting solar and other renewable energy technologies to 

Florida’s power grid by adopting the Institute of Electrical and 

Electronics Engineers (IEEE) Standard 1547 for Interconnecting 

Distributed Resources with Electric Power Systems as the uniform 

statewide interconnection standard for all utilities; and 

h’ot later than September 1,2007, initiate rulemaking to authorize a 

uniform, statewide method to enable residential and commercial 

customers who generate electricity from on-site renewable 

technologies of up to 1 megawatt in capacity to offset their 

consumption over a billing period by allowing their electric meters to 

tum backwards when they generate electricity (net metering). 



I 

Section 4. All state agencies departments under the direction of the Governor are 

hereby directed, and all other state agencies are hereby requested, to assist those carrying 

out the directions in this Executive Order. 

IN TESTIMONY WHEREOF, I have 
hereunto set my hand and have caused the 
Great Seal of the State of Florida to be 
affixed at Taliahpee, The Capitol, this 
day of July, 

GOVERNOR 

1 3"h 
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ATTEST: 



DEPARTMENT OF BUSINESS AND PROFESSIONAL 
REGULATION 
Florida Rea1 Estate C o w  Won 
RULE NO.: RULE TITLE 
6152-14.008 Definitions 
PURPOSE AM) ECT: To clarify the Division’s lack of 
jurisdiction over escrow hnds placed with a title company or 
attorney and to discuss the defmt‘tion of “Deposit“ within the 
same rule. 
SUBJECT A m A  TO BE ADDRESSED: Definition of 
“Deposit” and escrow funds held by a title company or 
attorney. 
SPECIFIC AUTHORITY: 475.05,47S.25(1)&) FS. 
LAW IMPLEMENTED: 475.25( 1%) FS. 
A RULE DEVELOPMENT WORKSHOP WILL BE HELD 
AT THE DATE, TIME AND PLACE SHOWN BELOW: 
DATE AND TIME: August 14, 2007, 8:30 a.m. or as soon 
thereafter as possible 
P U C E  Division of Real Estate, Commission Meeting Room 
90 1 , North Tower, 400 West Robinson Street, Orlando, Florida 
32801 
THE PERSON TO BE CONTACTED REGADMG THE 
PROPOSED RULE DEVELOPMENT FOR A COPY OF 
THE PRELIMINARY DRAFT, IF AVAILABLE IS: Lori 
Crawford, Deputy Clerk, Division of Real Estate, 400 West 
Robinson Street, Hurston Building, North Tower, Suite Soh,  
Orlando, Florida 32801 
THE PRELIMINARY TEXT OF TJdE PROPOSED RULE 
DEVELOPMENT IS NOT AVAILABLE. 

DEPARTMENT OF ENVIRONMENTAL PROTECXION 
Notices for the Department of Environmental Protection 
between December 28, 2001 and June 30, 2006, go to 
http://www.dep.state.fl.us/ under the link or button titled 
“Official Notices.” 

DEPARTMENT OF ENVIRONMENTAL PROTECTION 
RULE NO.: RULE TITLE: 
62-285-3 00 

PURPOSE AND EFFECT: The department is initiating 
rulemaking to cap greenhouse gas emissions from the electric 
utility sector such that by 2017, statewide utiIity sector 
emissions not exceed year 2000 IeveIs; by 2025, emissions not 
exceed 1990 levels; and by 2050, emissions not exceed 20 
percent of 1990 levels. The department proposes to create new 
rule Chapter 62-285, F.A.C., Greenhouse Gas Emissions 
Reduction, and develop new Rule 62-285.300, F.A.C., Electric 
Utility Greenhouse Gas Reduction Program, to accomplish this 
purpose. The effect of the rule would be to reduce greenhouse 

EIectfic Utility Greenhouse Gas 
Reduction Program 

gas emissions from electric generating units. The department 
will not be offering any rule proposals at the August 22 
workshop. The purpose of this first workshop is to provide an 
oppomnity for interested persons to provide comments and 
recommendations tu the department at the outset of the 
proposed rule development project. Written comments may be 
submitted to the contact penon iisted below. 
SUBJECT AREA TO BE ADDRESSED: Pollution abatement 
from electric generating units. 
SPECIFIC AUTHORIW 403.061,403.087 FS. 
LAW IMPLEMENTET): 403.031,403.061,403.087 FS. 
A RULE DEVELOPMlENT WORKSHOP WILL BE HELD 
AT THE!# DATE, TlME AM> PLACE SHOWN BELOW. 
DATE AND TIME: August 22,2007,9:00 a.m. 
PLACE: Department of Environmental Protection, Can 
Buifding, Room 170,3800 Commonwealth Blvd., Tallahassee, 
Florida 
Pursuant to the provisions of the Americans with Disabilities 
Act, any person requiring special accommodations to 
participate in this workshoplmeeting is asked to advise the 
agency at least 48 hours before the workshoophneeting by 
contacting: Ms. Lynn Scearce, (850)921-9551. If you are 
heating or speech impaired, please contact the agency using the 
Florida Relay Service, (800)955-8771 (TDD) or 
(800)955-8770 (Voice). 
THE PERSON TO BE CONTACTED REGARDING THE 
PROPOSED RULE DEVELOPMENT AND A COPY OF 
THE PRELIMINARY DRAFT, IF AVAILABLE, I S  Mr. Larry 
George at the Florida Department of Environmental Protection, 
Division of Air Resource Management, 2600 Blair Stone 
Road, MS 5500, Tallahassee, Fforida 32399-2400, or 
larry.george@dep.state.fl.us, phone (850)921-9555 
THE PRELIMINARY TEXT OF THE PROPOSED RULE 
DEVELOPMENT IS MOT AVAILABLE. 

DEPARTMENT OF ENVIRONMENTAL PROTECTION 
RULE NO.: RULE TITLE: 
62-285.400 Adoption of‘ California Motor 

Vehicle Emissions Standards 
PURPOSE AM3 EFFECT: The department is initiating 
rulemaking to adopt the California emissions standards for new 
motor vehicles pursuant to section 177 of the federal Clean Air 
Act. The department proposes to create new rule Chapter 
62-285, F.A.C., Greenhouse Gas Emissions Reduction, and 
develop new rule Rule 62-285.400, F.A.C., Adoption of 
California Motor Vehicle Emissions Standards, to accomplish 
this purpose. The effect of the rule would be to require that new 
motor vehicles sold in the state meet the California emissions 
standards. The department will not be offering any rule 
proposals at the August 23 workshop. The purpose of this fust 
workshop is to provide an opportunity for interested persons to 
provide comments and recommendations to the department at 
the outsctt of the proposed rule development project. Written 

3302 Section I - Notices of Development of Proposed Rules and Negotiated Rulemaking 
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The map on the following page is from J.G.Titus and C.Richman, 2000, “Maps of Lands 
Vulnerable to Sea Level Rise: Modeled Elevations Along the U.S. Atlantic and Gulf 
Coasts.” Climate Research (in press). 

SUGGESTED CAVEATS 

Research Papers : “This map is based on modeled elevations, not actual surveys or the 
precise data necessary to estimate elevations at specijk locations. The map is a fair 
graphical representation of the total amount of land below the 1.5- and 3.5-meter 
contours; but the elevations indicated at particular locations may be wrong. Those 
interested in the elevations of spec@ locations should consult a topographic map. 
Although the map illustrates elevations, it does not necessarily show the location of future 
shorelines. Coastal protection efforts may prevent some low-lying areas from being 
flooded as sea level rises; and shoreline erosion and the accretion of sediment may cause 
the actual shoreline to differ from what one would expect based solely on the inundation of 
low land. This map illustrates the land within 1.5 and 3.5 meters of the National Geodetic 
Vertical Datum of 1929, a benchmark that was roughly mean sea level in the year 1929 but 
approximately 20 cm [or fill in local estimate] below today’s sea level. ” 

Publications for the General Public: If possible, the aforementioned caveat should be 
printed; but sometimes space constraints will make that impossible. We recommend that as 
much of the following be included as possible: “Elevations based on computer models, not 
actual surveys. Coastal protection efforts may prevent some low-lying areas f iom being 
flooded as sea level rises. The 1.5-meter contour depicted is currently about 1.3-meters 
[use local estimate if possible] above mean sea level, and is typically 90 cm [use local 
estimate if possible] above mean high tide. Parts of the area depicted in red will be above 
mean sea level for at least 100 years andprobably 2OOyears [use local estimates if 
possible]. The 3.5-meter contour illustrates the area that might be flooded over aperiod of 
several centuries. ” 

Newspapers and Magazines: The amount of space available for a caption is typically 
even less in a newspaper or wide-circulation magazine. We must simply recognize that 
those publications are unlikely to explain the difference between elevation and land lost 
due to sea level rise, let alone the potential errors. Fortunately, however, magazines and 
newspapers tend to publish such small maps that the scale will probably be an order of 
magnitude smaller than what we offer here, which substantially reduces the need for a 
caveat. The January 1; 2000 edition of The New York Times published a few of our maps 
after this article was accepted for publication. We found their caveat to be acceptable. With 
minor edits, that caveat read: “Regions shown in black are some of the areas that could be 
flooded at high tide ifglobal warming causes sea level to rise 2 feet in the next 100 years. 
The indicated areas account not only for the effects of global warming, but also for other 
effects such as tidal variations and land subsidence.” 
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LETTERS I 

a a a s m g  destuuctiveness of hmhlcvcbnes over 
the past 30 years 
K e q  Em anuef 

Tha$ and m cd&$ predict that hulricane mtm- dIould 
m m  w ith m d g  gbbalm m~ tan pembm, but w ork on 
the detection of bmds k~ hu-e has bad m o m o n  
&~ekf4equen$~ and&owsnotrsnd.HereId&nean mdexofthe 
potentkldestmctkneof hurricanesbasd on the totald-a- 
tjDnofpower,kbga@3mathe~tin eoftheqcbne,and how 
that this hdex has fnm?a& m d d v  shce them jd-1970s. This 
trsnd j, due to both bnger sh3m Ii@tin es and greaw stDm 
mtensitieS. I find that the mrd of net hurricane power d w a -  
tjDn is hQhv mrdatd w itk tmpkal s3a s l rkce b n  perature, 
reflectjng welldocum enM & a& s@~als, m&dhg m ulti- 
desdalos=ilktions fn the N o d  Athntic and N o d  Pacific, and 
gbbal warm mg. My reslh sl- that kbre warm mg may 
lead to an upward m d  m tmpkalqcbne desmctivepotentidL 
and- &kmg into aamunt an b d g  03as!iit populatjDn- 
a slb&ntidl b hurricane-daM b- m the twenty- 
fi& mtury. 

FhctLlaknsk bpidqcbnea&iv+tyaEofobvbusin p o m e  
to ackty, we&@ as popuh'hns of a B l S  m h&. 
%pidqcbnesacmuntbrasiplkmt5a&bn ofdw q, m ) l q  
and bs; of W fan nab& hazards and aze the mdflkt nab& 
c a m p h s k  theU s6 .ilI a d d ~ n , r e o n t w o r k a m t h a t g b b a l  
b p i a l q c b n e  a-m aypky an in p o m t  m k  m m g  the 
oms'thmohalkecku~htjDn,whki-Ihasm inpomthfluace 
on Wnaland  gbbalclin ate7. 

Sbdjesofbpialcydbnevaxi+jlkym theNo&Afmtic"d 
brge kterannualand k~tmlezdalwhgs m stDm fcqufflq that 
have- kkd to sl& mnalc l in  atephenom ma a s t h e E l N  50/ 
Southern 0 93jlhtion8, the &atoph& quasibjenn$losjlhtjong, 
andm ultidrxdalo&~nsk theNo&AfmticrJqjDn''.V&- 
bilityh o t h e r o m  b&sishweIldocum entd,p&qsberau~e 
the h k x b l m r d  ishm p-. 

C onmsaboutthe po&k ef&ctsofgbbalw arm mg on b p i a l  
qcbne actisdy h a v e m  othmtd a num berof thex&d, m cdelljng 
a n d g n p ~ m d j e s . B ~ t h ~ r y l l ~ ~ e s a q u a n ~ ~ u p p e r  
bound on hunkme kimsky, as m easllrd by m axin um =Ace 
w h d q & , a n d a n p ~ ~ d & & o w  thatwhaaaumuhtdomr 
lqemough m pks, the$a~ofhudzmekten&yare$mng$ 
mnmIb.3 by this tha- potent$l htenstf. G bbdl clin ate 
m odds *ow a Slb-tjdl k ~ m  i~ potwtidl mten- w ith 
antkmpog~nk gbbalw arm hg, k d h g  tD thep&.kbn thatacbal 
StDrm m b & y  &ouM k~- w fi tin & . ThisplrdWn h a s h  
& & m c l i n a t e c h a n g e a s ~ s m m ~ . A  m t m p W "  
mdyushgadebik3num arkdlhunjranem cdelrunushgclin a& 
plrdkbns fan a va&ty of d-t gbbal clin ate m cd& s p -  
por& the thexeblpndktims m k g  changes i-~ &m mtm- e. W fi &e ob& w m  mg of the tmpicS of a " d  0582, 
how m, t h e p n d a  &angesare k x ~  sn allto have h ob-, 
g k n  lin itatbnson bp idqcbneh ten&ys&n atbn. 

The h e  of clin atk: mnml of b p b l  ~ 4 ~ m  6qufflq is h- 

m o ~ e  m n " d ,  ' w fi 3lfk?gukk" fan e&&g t h a q . G  bbal 
clin ate m &el preclktbns of the hfluene of gbbal w a m  ing on 

fcqumq a~ h@h$ bmnsAmt, and there isno d-k 
m d  k~ thegbbalannualkqumncyofbpialqcbnesh h*dral 
tmpidqcbne data. 

Aaough  the fcqumq of b p b l  q c b n s  is an i n p o m t  
d e i c i c e ,  kisnotby W a n  o p ~ a l m e a a m o f t m p h l  
cycbne&mat.TheactLlalm onetarybshw md&m s&ssmuc$$ 
as the cube of the w h d  q&14 as does the totalpow er d m a t b n  
(PD ;ref. 15), whki-I, bkqatd overthe sufacearea a f k W  bya 
@ ~ m  andoveritsYaBinekmby: 

t Q  

0 0  
PD%@ C D f l f d d t  &D 

where C isthe &i&t, r is the sldae *densky, 
-jVj is them g i b d e  of the U ~ X E  wkd, and the htqalisover 
ladbs to an outerstDrm lin &g&m byro and overt, the XS5.n eof 
the StDm .The quantky PD has the units of m a y  and reflects the 
totalpow erd-atd by a StDm overitsXk.Unbfamatdy, the m 
m-b q a b n  (1) isdifiakto d a t e  uskg hkbljaldata 
E&, whkh &Hom l ~ p o r t  s!~m din m&ns. 0 n the other hand, 
d m  mdjesdIow thatladklpmfibofw hd  q& a ~ g m e m i $  
gEom &kdiy sin W6 wh-the peak wkd qedsexhbk l i t t k  
if any m-tbn w ith m easlm of stDrm din en&n$'. Thus 
va&itjDns in size wouB appm to k~h&iue random ~ L S  +-I an &akn of q a b n  (1) that a" =fix& stDm din a- 
sbns. 3-1 the h tqand  of qua" (1) , the - a i r d m s k y a  
overmughk 15% , whik the &q &i&t is thouc$t to m a e a s ~  
mamu@@ a hcbrof tw o w W w fnd q&,but m g o E a t w  ind 
q d k  ~ o f a b o u t 3 0 m d 1  (ref . l8) .Asthehtqalm 
q a b n  (1) w iIl, m plactice, be dom h a t d  by h a  w h d  peds,  
we qpmxin ate the pmdud C r as a mn-t and define a 
sin p W i d  pow ard-abn index as 

3, 
P D I ;  Vi,dt 

0 
BD 

wherev,, is them & um slhd wind s p e d  at the m n m -  
~ n a l m  ea" mtaltih_ldeoflOm .Alhouqhnotapal%ctm axxz~ 
of net power d-akn, thk hdcx is a better hdkator of mpkdl 
C @ b n e m t h  StDm &qumqorhten&yabne.A Is, the total 
power d w a t b n  is of d% m&~& fan the pomt of W of 
tmpkal -ne Cpntnbukns to upper oean m king and the 
them ohalhe ckmhtbn7. This kdex is sin iBr to the uBtd 
cycbne may'  (AC E ) mdd', define3 as the s l m  of the squares of 
the m & um w h d  ped over the p& mntakhg h-e- 
~ K E  w mds. 

The ana&& technipe, data SUITES, and a&ns to the EW 

data are dem&xd. in the M &ds e n  and m Supplm mtuy 
M &ais. To gn phasize bng-imn m d s  and mWezdal&il- 
ky,thePD Iisaaum uhtdomranm~yearand,hdi!fdu@,over 

' P x q "  n Am ospheres,O ceans,and Clin ate,M asszhuseth msthte ofTechnobgy, Cam b&ge,M asBchu~tts OZU9 ,USA, 
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& of d m  a@r qcbne-pmne m n s .  To m min ire the eExt 
ofm@mmualva&bZky,wezpputc thetin e&ofannualPD Ia 
1-2-1 mthedefinecl by: 

4% 02E&,p 05xi B D  

where x, is the vahe of the var$bk h year iand 4 is the sn mthecl 
vahe .Th i s f ikc i sgEnwappMtwhk  a d n .  

F-1 &owsthePDIltrtheNomAfbntk:andtheSEpbnk 
m mtmpk&asldacebn paahre (SST) avaixp3overoneofthe 
p b  e g~n& m n s  in the Nom Afbntk?'.  There is an obvbus 
&ong &tbn&@ bebeen the b o  t in  e (3 % 0.65), 
sl-g that tmpjcdl SST ex&s a m n g  mnml on the power 
d-atbn hdex. The AMtk: m ulti-decadal m ode d b &  k 

10 i s d m t k  the SST &, a s w  ellas&ortprp& o d t b n s  
po&ly ~ & & d  tc the E1N ffo/Southm 0 &Ihtbn and the Nom 
Atantic 0 & k n .  But the upwkg k the hst decade is 
mprecBcimtB3, and plpbab& r d d s  the eExtof gbbalw m hg. 
W e w i n r e h u n t D t h B s l b ~ b e b w .  

F- 2 &ow s the annualh/ a m  u k m ,  sn oothd PD I br b e  
westem North Pacific, bgether with &&+Novan ber average 
sn mthecl SST m a p h  arygEn&wn brtheNom Padic.As 
i-~ theAfbne,theare&mngb/cpK&3td,w khan 1 of063 .sOm e 
ofthem&tdecadalva&bililyisasx&tB3w btheElN ffo/southem 
0 & k n ,  asdoaun en&d by Cam q and sObeyg. The SST ttn e 
&&ow sthattheupw kg m SST Aeamund 1975 ismuslalby 
the stimda of the past 70 p. 

There are m n s  tD belj, that gbbal mpjcdl SST m d s  m ay 
have lss e on mpjg l  qcbnes than mnalfludaa&ns, as 
tmpkal qcbne po&ntial mtensi!y is sa~skiie tc the d m e  

tmpophak tan paature. m an ef%rttD 
qyant!Qagbbal&n&annualavsipsn mthecl SST Ma 308N 
and 3085 ism p& tc the a m  of theN o m  Afbntk: and w e3m-I 
Nom P a d c  sn mthd PD I U e s  k FQ.3 .The two tin e &are 
cpK&3tB3wkhan1ofO69 .Theuphmmmpjcd lmm~e  

hg,sugz@=hgthattheupwanJtzmd inb~pjcdlqcbnePD Ival~esis 
at  %part$lb/ antfmpqajc. E is m-g that this m d  has 
i - " 3 m  orethan a d o u b l h g o f N o ~ A ~ ~ p l u s w e 3 m - I N o ~  
Pacific PD Ioverthep&30p. 

SST and 

bn p - h ~  &e 1975 hasbe31 FwW tD gbbalwm - 

- 

- 

- 

- 

1.2- 

0.4- 

0.8 

0.7 

0.6 

0.5 

0.4 
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0.21 
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F&E 1 I A m easure of the toEdpow er diss@ated m u a +  by t3Dphl 
cydbnes n the N orth A tbntl: (the pow erdiss@a&n ndex, PD I) a m  pared 
to SeptEm bersea surhce tEm perabre EST) . The PD Ihaskm m U-M 
by 2 1 f l o2  l2 and the SST, ob&& k m  theH &&y C m k e  Sea Ice md 
SST dataset ~ d B S T ) z z , k ~ o v e r a h ~ u n d d h  b&deby68N 
and188N ,mdhbngbdeby208W and608W .Bothquan&hmbeen 
sn wthdb~*iusi-Igequabn (3),mdaan&ntoBethasbeenadddb 
the tm paaiue data b r m  of a m  p h n  .N o& thatbtdJAMfc 
hunkanepowerdi@abn h a s m  ole t3m-1 doubM h thepa3Oyr. 

- 

- 

- 

- 

- 

- 

- HadlSST, 5O-15O N, 130°-1800 E - W. Pacific PDI 

1930 1940 1950 1960 1970 1980 1990 2000 2010 
Year 

FQUE 2 I A M m W  a m  ukted PD Ilbrthe w estem No& Padic, 
mmparedtoJu&+NomberaverageSST. ThePDIhasbeenmuk&d&lby 
aWmrof83 f l o2  13andtheHdBST kv&~aanSmtoEk& ism 
overahbounded m b&deby58N and 158N ,and h bnghdebyl308E 
end 1808E .Both quantibsshirvebeen sn wthd bJEljcEusi-Ig equakn (3). 
P o w e r d m b n  b y w W N o &  Padicbnpkalol.dbneshasmczwsd 
byabout75'i; mthepa30yr.  

The ?age i r ~ m  k~ powerdmatbn overthepast30yrorm 
m aykhxaus  stDm shavebeJxn em o ~ e  h&nse, on the avexqs, 
and/orhaveslnA& a t h m  m&nsitybrbng~lrperbdsoftin e.The 
aa" uk&d annualdumkn of &m s m the North A t h e  and 
w m  Nom Pacific has k d d  ~UBSXI by murpla/ 60% &e 
1949,though thism ayp&&Iiyrefle=t&an~m qm*gp&, 
a s d b & k M  & o d s . T h e a n n u a l ~ s t D m  p e a k w k d p d  
a m  m ecl over the Nom Afbntk: and CBS&II and we3m-I  Nom 
Padic has a h  k d  d h g  this p&, by &out 50% . Thus 
both dumkn and p& mtensi!y m d s  are c p n w u k g  tD the 
avemllm- i~ n&powerdis;ipatbn. Forfkd r a t ~ ~ o f  mtend- 
fiatbnanddk@akn,stDm swjntakebng~l r tDrmd~~tmpeak 
wkds, and a b  bke bnges tc d m a e .  Thus, not slq&hgu, 
&anger s t ~ m  s &st bnger; ttn es sz&s of dumtbn and peak 
k&nsi!yaream&&d w b an 2 of 0.74. 

m t h ~ ~ , t h e p e a k w m d p d o f t m p j c d l ~ n e s ~ o u ~   ha^^ 

1 .o 1 
0.9 1 1 - Atlantic + W. Pacific PDI - 1 Annual mean HadlSST, 30" S-30° N 

b 
0.2 

1940 1950 1960 1970 1980 1990 2000 2010 
Year 

F Q L ~  3 IAMua~amuhtedPDIlbrthewestEmNo~Padicand 
No& A t b n t i c ,  am pared to annuaw averaged SST . The PD Ihasbeen 
muk$lk3byakbrof5S f l o2  13andtheHadEST fwfiaan&nt 
o m  jSavwigdbetwew3085and308N .Bothquanehavebeen 
sn wthd bvhushgequabn (3) .Thisam b m d  PD Ihasnwdoubkd  
over the past 30 yr. 
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byabout5% brwaylEC ha~~mtmpkalocsmtenpemtU&. 
G h t h a t t h e o b s ~ v d  maEEhasonk/aboutO5E?Z,thee 
peak w hds &ouH have on& ir1cmz%3 by 2-3% , and the power 
didpakn &&re by 6-9% . W hm mupM w&h ~e expeCtaj. 
h-h "I W ~ I I  e,onem @-Lexpetab'alk-ofPD Iof 
m u d  8-12% , €r &ortof the ob- chang?. 
TmphlqEbnsdonotqonddk32yb SST,howe,and the 

appmprjate m easue of their thm cd.ynan ic mvknm m t  B the 
po&nt$l h&n&y, w hkh dqmds not onk on ten pasture 
buton thewholeten p ~ ~ r e p r c d i l e o f t h e t m p o q h ~ . I u s d  il;iibr 
avazqcire-anwdataandHadkfCmb~SST b m n ~ c t t h e  
potmt$lm axin um w kd q d ,  and thm the reslk over 
e a c h ~ d a r ~ a n d o v e r ~ e ~ e m p k a l a r e a s u ~ b ~ h ~  
the awzqs SST. In both theAt%mtic and w & 0 n   no^ P a d c ,  the 
tin e s3jesofpo&ntialm&n&y&sSy % b w  sthe SST, but ixxsisa 
by about 10% over the p d  of md, mther than the p a -  
2-3% . Cb= exan makn of the Kandpi3 data &ows that the 
ob-atm oqherbten paatuedoesnotmpewWSST.ThB 
hasthee&3ofm~gthepo~t$lmtEIleiD1I.G ivgl tkeob- 
k a ~ ~  of about 10% , the expeCtaj. k- of PD I is about 40% , 
takbg mb m u t t h e  kcreasd dumtbn of e v m B . T h B B ~ o x t  
of the ob- ~ C X E E E .  

The abave d h & n  a- that onk part of the ob- 
hcrezre i~ b p s  -ne power dirSpatbn B dke33y due b 
mcmz%3 SSTs; the rest am onk be expkinert by changes i-~ 
other hct~rs hown b hflumce hulrirane i~tm&y, slch as 
vertkd w hd  &e. Ana&+& of the 250-850 hPa w md &ear h 
ma&& data, over the san e p o ~ n  of tke  no^ A t h n t k :  usd 
b mn&uctFQ. 1, mded aowsa downwad m d  of 0 3 m  2 
per decade over the p& 1949-2003, but m ost of this d- 
om& befbre 1970, and atany rate t h e d m  i s k ~  sn atu 
have had m u& e&3. Tmpkal -ne in&n&y ah dqmds on 
the ten paahre d-utbn of the uppe rom,  and thm ism e 
h d b k n  that slb+urfke bnpaabres have ah / mcreaer he, the&y a u c k g  the n q t k  kxh& h &m -mdu& 
m a g .  
W ha- the m ~ ,  tke near doubljng of pow er d-akn over 

the p d  of md &ouH be am atterof m e concan, as it k a 
m easueofthed&ru&po&nMoftmp5C$bnes.M o m , i f  
upperom" ixkgbympkalqcbnsian i n  pomtmnbzbubr 
b thethan o h ~ e ~ h k n , a s h y p o ~ ~ b y t h e ~ ~ o r ' , t h m  
gbbal w arm mg &ouH reslk an ~ ICXEEE h the c k a h k n  and 
th&re an ~ C X E E E  in o m i c  e n w y  tmnqortkm the mpks  
b hwerhmdes.  

M ETHODS 
Po&ns and m aXin m a d d  sxl%c!z w nds of mkdl cydbnes are 
npolad emy six houls as part of the M W' mpjcdldata &. (3-1 the 
data&u&ha~,kxn t h e U S N a v y ' s ; b h t T y p h w n W  a m h g C e n e  (JTW C )  
md the N a ~ n a l 0  m o p p h j c  and Am oqhajc Adm m-tbn's N akna l  
Hu-e C e n W  N H  C ) ,  tn axh m a d d  w h d '  is ddhd as the one- 
m h u t e ~ w h d s p d a t m ~ d e o f 1 0 m  .) FortheAC?m&,mdea&m 
md anhalNofi Padic ,  t h e  data a ~ e  &b h t h e N H  C ,whi le  brthe 
w- N o f i  Pacific, the norhen 3-Idh-10 m, and allof the Southem 
H a n % p h a E , d a ' m k x n  J T W C w a ~ u s d .  
owhg +D dm-19 n m e3slhg md IEpohg p& shce  ma^ 

ob-tbnsof bpjg l@neskqm h them 2-1940s, t h e  are s#en a& 
b-h npolad mpkdlcydbne whd q e d s t h a t m  u%bemm&d brh 

an-g b m d s . T  he "ofthe b-and co11Ecti3nsm adem mwtbr  
then e d e s d x 3  h Supph entaryM &ds. 
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REPORTS 

Changes in Tropical Cyclone Number, Duration, and Intensity in a Warming Environment 
P. J. Webster,l C. J. Holland,' J. A. Curry,' H.-R. Changl 

We examined the number of tropical cyclones and cyclone days as well as tropical cyclone intensity over the past 3 5  
years, in an environment of increasing sea surface temperature. A large increase was seen in the number and 
proportion of hurricanes reaching categories 4 and 5. The largest increase occurred in the North Pacific, Indian, and 
Southwest Pacific Oceans, and the smallest percentage increase occurred in the North Atlantic Ocean. These increases 
have taken place while the number of cyclones and cyclone days has decreased in all basins except the North Atlantic 
during the past decade. 

School of Earth and Atmospheric Sciences, Georgia Institute of Technology, Atlanta, CA 30332, USA. 
National Center for Atmospheric Research, Boulder, CO, USA. 

During the hurricane season of 2004, there were 14 named storms in the North Atlantic, of which 9 achieved hurricane 
intensity. Four of these hurricanes struck the southeast United States in rapid succession, causing considerable damage 
and disruption. Analysis of hurricane characteristics in the North Atlantic ( A ,  2) has shown an increase in hurricane 
frequency and intensity since 1995. Recently, a causal relationship between increasing hurricane frequency and 
intensity and increasing sea surface temperature (SST) has been posited (a) ,  assuming an acceleration of the 
hydrological cycle arising from the nonlinear relation between saturation vapor pressure and temperature (4). The issue 
of attribution of increased hurricane frequency to increasing SST has resulted in a vigorous debate in the press and in 
academic circles (3). 

Numerous studies have addressed the issue of changes in the global frequency and intensity of hurricanes in the 
warming world. Our basic conceptual understanding of hurricanes suggests that there could be a relationship between 
hurricane activity and SST. It is  well established that SST > 26°C i s  a requirement for tropical cyclone formation in the 
current climate (& z). There i s  also a hypothesized relationship between SST and the maximum potential hurricane 
intensity (8, 9). However, strong interannual variability in hurricane statistics (2-2) and the possible influence of 
interannual variability associated with El NiAo and the North Atlantic Oscillation (u, 2) make it difficult to discern any 
trend relative to background SST increases with statistical veracity (8). Factors other than SST have been cited for their 
role in regulating hurricane characteristics, including vertical shear and mid-tropospheric moisture (B). Global 
modeling results for doubled C02 scenarios are contradictory (Q-21, with simulations showing a lack of consistency in 
projecting an increase or decrease in the total number of hurricanes, although most simulations project an increase in 
hurricane intensity. 

Tropical ocean SSTs increased by approximately 0.5"C between 1970 and 2004 (2). Fiaure 1 shows the SST trends for 
the tropical cyclone season in each ocean basin. If the Kendall trend analysis is  used, trends in each of the ocean 
basins are significantly different from zero at the 95% confidence level or higher, except for the southwest Pacific 
Ocean. Here we examine the variations in hurricane characteristics for each ocean basin in the context of the basin SST 
variations. To this end, we conducted a comprehensive analysis of global tropical cyclone statistics for the satellite era 
(1970-2004). In each tropical ocean basin, we examined the numbers of tropical storms and hurricanes, the number of 
storm days, and the hurricane intensity distribution. The tropical cyclone data are derived from the best track archives 
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I Fig. 1. Running 5-year mean of SST during the respective hurricane seasons 
for the principal ocean basins in which hurricanes occur: the North Atlantic 

1 Ocean (NATL: 90" to 2O"E, 5 "  to 25"N, June-October), the Western Pacific 
Ocean (WPAC, 120" to 180"E, 5" to 2O"N, May-December), the East Pacific 1 Ocean (EPAC' 90" to 1204W, 5"  to 20°N, June-October), the Southwest Pacific 
Ocean (SPAC 155" to 180"E, 5"  to 203 ,  December-April), the North Indian 

-a Ocean (NIO, 5 5 "  to 90"E, 5 "  to 20"N, April-May and September-November), 
1 and the South Indian Ocean 610: 50" to 115"E.  5 "  to 20"s. November-Aoril). 

JView Laraer Version of this lmaae (28K GIF f i le l l  
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Tropical cyclonic systems attaining surface wind speeds between 18 and 33 m 5 - l  are referred to as tropical storms. 
Although storms of intensity >33 m 5-l have different regional names, we will refer to these storms as hurricanes for 
simplicity. Hurricanes in categories 1 to 5,  according to the Saffir-Simpson scale (a), are defined as storms with wind 
speeds of 3 3  to 43 m s-', 43 to 50 m s-', 50 to 56 m s-', 56 to 67 m s- l ,  and >67 m s-', respectively. We define the 
ocean basins that support tropical cyclone development as follows: North Atlantic (90" to 20°W, 5 "  to 25"N), western 
North Pacific (120" to 180"E, 5" to 20°N), eastern North Pacific (90" to 120°W, 5" to 20"N), South Indian (50" to 115"E, 
5"-20°S), North Indian (55" to 90"E, 5"-20"N), and Southwest Pacific (155" to 180"E, 5" to 20"s). Within these basins, 
total tropical storm days are defined as the total number of days of systems that only reached tropical storm intensity. 
Total hurricane days refer to systems that attained hurricane status, including the period when a system was at tropical 
storm intensity. Total tropical cyclone number or days refers to the sum of the statistics for both tropical storms and 
hurricanes. 

Fiaure 2 shows the time series for the global number of tropical cyclones and the number of cyclone days for the 
period 1970-2004, for hurricanes, tropical storms, and all cyclonic storms. None of these time series shows a trend 
that is statistically different from zero over the period (3). However, there i s  a substantial decadal-scale oscillation 
that is  especially evident in the number of tropical cyclone days. For example, globally, the annual number of tropical 
cyclone days reached a peak of 870 days around 1995, decreasing by 25% to 600 days by 2003. 

Fig. 2.  Global time series for 1970-2004 of (A) number of storms and (B) 
number of storm days for tropical cyclones (hurricanes plus tropical storms; 
black curves), hurricanes (red curves), and tropical storms (blue curves). 
Contours indicate the year-by-year variability, and the bold curves show 
the 5-year running average. JView Laraer Version of this lmaae (34K CIF 
flle)l 

Fiaure 3 shows that in each ocean basin time series, the annual frequency an\ d duration of hurricanes exhibit the 
same temporal characteristics as the global time series (-1, with overall trends for the 35-year period that are not 
statistically different from zero. The exception i s  the North Atlantic Ocean, which possesses an increasing trend in 
frequency and duration that i s  significant at the 99% confidence level. The observation that increases in North Atlantic 
hurricane characteristics have occurred simultaneously with a statistically significant positive trend in SST has led to the 
speculation that the changes in both fields are the result of global warming (3). 
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Fig. 3. Regional time series for 1970-2004 for the NATL, WPAC, EPAC, NIO, 
and Southern Hemisphere (SI0 plus SPAC) for (A) total number of 
hurricanes and (B) total number of hurricane days. Thin lines indicate the 
year-by-year statistics. Heavy lines show the 5-year running averages. 
JView Laraer Version of this lmaae 48K CIF file)] 

It is  instructive to analyze the relationship between the covariability of SST and hurricane characteristics in two other 
ocean basins, specifically the eastern and western North Pacific. Decadal variability is  particularly evident in the eastern 
Pacific, where a maximum in the number of storms and the number of storm days in the mid-1980s (19 storms and 
150 storm days) has been followed by a general decrease up to the present (15 storms and 100 storm days). This 
decrease accompanied a rising SST until the 1990-1994 pentad, followed by an SST decrease until the present. In the 
western North Pacific, where SSTs have risen steadily through the observation period, the number of storms and the 
number of storm days reach maxima in the mid-1990s before decreasing dramatically over the subsequent 1 5  years. 
The greatest change occurs in the number of cyclone days, decreasing by 40% from 1995 to 2003. 

In summary, careful analysis of global hurricane data shows that, against a background of increasing SST, no global 
trend has yet emerged in the number of tropical storms and hurricanes. Only one region, the North Atlantic, shows a 
statistically significant increase, which commenced in 1995. However, a simple attribution of the increase in numbers of 
storms to a warming SST environment is  not supported, because of the lack of a comparable correlation in other ocean 
basins where SST is also increasing. The observation that increases in North Atlantic hurricane characteristics have 
occurred simultaneously with a statistically significant positive trend in SST has led to the speculation that the changes 
in both fields are the result of global warming (3). 

Examination of hurricane intensity (m) shows a substantial change in the intensity distribution of hurricanes 
globally. The number of category 1 hurricanes has remained approximately constant (Fia. 4A) but has decreased 
monotonically as a percentage of the total number of hurricanes throughout the 35-year period (Fia. 4B). The trend of 
the sum of hurricane categories 2 and 3 is small also both in number and percentage. In contrast, hurricanes in the 
strongest categories (4 + 5) have almost doubled in number (50 per pentad in the 1970s to near 90 per pentad during 
the past decade) and in proportion (from around 20% to around 35% during the same period). These changes occur in 
all of the ocean basins. A summary of the number and percent of storms by category is given in Table 1, binned for the 
years 1975-1989 and 1990-2004. This increase in category 4 and 5 hurricanes has not been accompanied by an 
increase in the actual intensity of the most intense hurricanes: The maximum intensity has remained remarkably static 
over the past 3 5  years (solid black curve, Fia. 4A). 

A -I-- R *  ---- - Fig. 4. Intensity of hurricanes according to the Saffir-Simpson scale 
(categories 1 to 5). (A) The total number of category 1 storms (blue curve), 
the sum of categories 2 and 3 (green), and the sum of categories 4 and 5 
(red) in 5-year periods. The bold curve is  the maximum hurricane wind 
speed observed globally (measured in meters per second). The horizontal 
dashed lines show the 1970-2004 average numbers in each category. (B) 
Same as (A), except for the percent of the total number of hurricanes in 
each category class. Dashed lines show average percentages in each 
category over the 1970-2004 period. JView Laraer Version of this Imaat 
j 2 3 K  CIF f i le l  

Table 1. Change in the number and percentage of hurricanes in categories 4 and 5 for the 15-year periods 1975- 
1989 and 1990-2004 for the different ocean basins. 
II I1 

1 1  Basin 

Period 

1975-1989 
l_l__ - 

1990-2004 
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Number Percentage Number Percentage 

East Pacific Ocean 36 2 5  49 35 

West Pacific Ocean 85 2 5  116 4 1  

North Atlantic 16 20 2 5  2 5  

Southwestern Pacific 10 12 22 28 

North Indian 1 8 7 2 5  

South Indian 23 18 50 34 

Cyclone intensities around the world are estimated by pattern recognition of satellite features based on the Dvorak 
scheme (a). The exceptions are the North Atlantic, where there has been continuous aircraft reconnaissance; the 
eastern North Pacific, which has occasional aircraft reconnaissance; and the western North Pacific, which had aircraft 
reconnaissance up to the mid-1980s. There have been substantial changes in the manner in which the Dvorak 
technique has been applied (E) .  These changes may lead to a trend toward more intense cyclones, but in terms of 
central pressure (27) and not in terms of maximum winds that are used here. Furthermore, the consistent trends in the 
North Atlantic and eastern North Pacific, where the Dvorak scheme has been calibrated against aircraft penetrations, 
give credence to the trends noted here as being independent of the observational and analysis techniques used. In 
addition, in the Southern Hemisphere and the North Indian Ocean basins, where only satellite data have been used to 
determine intensity throughout the data period, the same trends are apparent as in the Northern Hemisphere regions. 

We deliberately limited this study to the satellite era because of the known biases before this period (a), which means 
that a comprehensive analysis of longer-period oscillations and trends has not been attempted. There i s  evidence of a 
minimum of intense cyclones occurring in the 1970s (u), which could indicate that our observed trend toward more 
intense cyclones is a reflection of a long-period oscillation. However, the sustained increase over a period of 30 years 
in the proportion of category 4 and 5 hurricanes indicates that the related oscillation would have to be on a period 
substantially longer than that observed in previous studies. 

We conclude that global data indicate a 30-year trend toward more frequent and intense hurricanes, corroborated by 
the results of the recent regional assessment (&I). This trend i s  not inconsistent with recent climate model simulations 
that a doubling of C 0 2  may increase the frequency of the most intense cyclones (a, a), although attribution of the 
30-year trends to global warming would require a longer global data record and, especially, a deeper understanding of 
the role of hurricanes in the general circulation of the atmosphere and ocean, even in the present climate state. 
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