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Abstract The past three decades have seen a significant upward triredimensity

of the strongest hurricanes worldwide that is most pronedrayer the North At-
lantic. Questions remain about this trend especially iesv/ence to coastal commu-
nities in the United States and elsewhere. This chaptestxan observed changes
in the intensity of the strongest hurricanes over the Noittartic basin and on the
spatial pattern of these changes. Results show that therdrgad is significantly
related to rising sea-surface temperature (SST) afterusticwy for El Nifio. The
trend peaks at 16 m'$ per°C at the 75th percentile with a 90% confidence interval
of between 7 and 20 m'$ per°C. The consequences of increasing intensity of the
strongest hurricanes is not confined to the open ocean aly M€ of all hurri-
canes that occur over the basin reach a lifetime maximumsittewest of 60W
longitude. The largest intensity increases are occurrivey the Gulf of Mexico
and the Caribbean Sea, where ocean temperatures are wamddstirricanes are
strongest. Decreases in intensity are noted along moseddtiited States coastline
consistent with a hypothesis that continental aerosolsoadécrease hurricane in-
tensity. This might help explain why, despite the incregsimensity of basin-wide
hurricanes, there is no detectable upward tend in damag¢eiodbe United States.

1 Introduction

Hurricanes are getting stronger on average with a recend tret is related to an in-
crease in ocean temperatures over the Atlantic and elsewBaranual 2005, Web-
ster et al. 2005). Indeed our paper entitled “The increaisitemsity of the strongest
tropical cyclones” published in September of 2008 (Elsrieale2008) generated
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considerable attention in the hurricane research commuriite purpose of this
chapter is to examine the evidence for trends in the stragkmtic hurricanes in
more detail and to provide rejoinders to some of concerrnisthee raised about our
methods and findings on blogs and especially ontrthigcal storms mailing list

In particular here we show three new aspects of our origieallt. (1) The
strongest hurricanes are getting stronger and the incisas&ated to an increase
in sea-surface temperature (SST) after statisticallyrotiintg for the EI Nifio cycle.
(2) Hurricanes often have a lifetime maximum intensity tie&dy near the coast of
the United States. (3) The largest increase in the intensttye strongest hurricanes
is occurring over the Caribbean Sea and Gulf of Mexico whesan temperatures
are the warmest in the basin and where hurricanes tend tetstringest.

At present hurricanes cannot be resolved in climate modatsthe complex re-
lationships between climate and hurricane frequencynsitg and location are not
well understood. Moreover, hurricanes and climate prasstend over a broad
range of spatial and temporal scales making it difficult tadeldhe potential rela-
tionships with a low-order numerical model. Thus in ordestied light on questions
concerning the relationships between hurricanes and tiih& necessary to rely
on the available historical data while keeping in mind datathtions and what we
might expect to see in the data from theory.

As an example, there is no empirical evidence, modelingltresutheoretical
argument that indicates the number of hurricanes will iaseein a warmer world.
On the other hand, relying on the notionagfteris paribuswe can say that warmer
oceans should lead to stronger hurricanes. To detect grialsin historical records,
it is necessary to separate hurricane frequency from laureiéntensity. Our ap-
proach is to use quantiles of lifetime maximum hurricanenstty and to quantify
trends and examine statistical significance of quantilensities using quantile re-
gression.

This chapter is outlined as follows. A brief description loéthurricane and cli-
mate data is provided in Sect. 2. Here we use the HURDAT daitehhimterpolated
over the period 1943-2008, inclusive. In Sect. 3 a shorbéhiction to quantiles is
given followed in Sect. 4 by the results of a quantile regmssf hurricane inten-
sity on SST and El Nifio. Results from the regression moddfyiat the strongest
hurricanes are getting stronger as SST increases aftistisadtly controlling for El
Nifio. The geographic distribution of lifetime maximumensities are considered in
Sect. 5. Areas near the Gulf coast and Florida are relativelse frequently visited
by hurricanes near the time of their lifetime maximum thagearfarther east over
the open ocean. In Sect. 6 changes over time in the geogrdighibution of max-
imum intensity of hurricanes are examined. The Gulf of Mexand the Caribbean
Sea are regions where some of the strongest Atlantic haetaccur and where the
trend toward stronger hurricanes is most notable. The sugnamal conclusions are
given in Sect. 7. The chapter ends with replies to commentierabout our earlier
research on this topic.
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2 Data

As is customary in this kind of research, tropical cyclonedvspeed estimates are
obtained from the HURricane DATa base (HURDAT or best-tjankintained by
the USNational Ocean and Atmospheric AdministratidMOAA) National Hurri-
cane CentefNHC). HURDAT is the official record of tropical cyclone infmation
for the Atlantic Ocean, Gulf of Mexico and Caribbean Sealuiding those that have
made landfall in the United States. HURDAT consists of ther @osition and in-
tensity estimates for tropical cyclones back to 1851 (dewviet al. 1984, Neumann
et al. 1999). Here a natural spline interpolation is usedtaia positions and wind
speeds at 1-hr intervals from the 6-hr values based on thieafdiagger and Elsner
(2006).

For the present study we consider only tropical cyclonesuatidane intensity
or above & 33 m s1) over the period 1943-2008, inclusive. The period is long
enough to examine temporal changes but not too long thatltdes data from
the pre-aircraft reconnaissance era (prior to 1943). Thee®&l = 409 hurricanes
over the 66-year period. The raw wind speed values are givénkit (2.5 m s1)
increments. Although knots (kt) are the operational unétdufr reporting tropical
cyclone intensity to the public in the United States, hereuse the MKS units
of m s~ . Throughout this chapter we use the term “intensity” as tstaord for
“maximum wind speed,” where maximum wind speed refers tedienated fastest
wind velocity somewhere in the core of the hurricane. Lifegsimaximum refers to
the highest maximum wind speed throughout the lifetime eftthrricane.

On the seasonal time scale and to a first order a warm ocean @aithatmo-
sphere (low wind shear) allows hurricanes to intensify. 8afithe wind shear is
related to the El Niflo-Southern Oscillation (ENSO) cydtiere we include data
on the Southern Oscillation Index (SOI) as an indicator ofSENand data on At-
lantic SST as an indicator of ocean warmth. ENSO is chaiaettby basin-scale
fluctuations in sea-level pressure between Tahiti and Darfie SOI is defined as
the normalized sea-level pressure difference betweeriBatd Darwin. The SOI
is strongly anti-correlated with equatorial Pacific SST tsat tan El Nifio warming
event is associated with negative values of the SOI. UnitthenSOI values are
given in standard deviations indicating they are standactby the long-term mean
and standard deviation. The relationship between ENSO armrithne activity is
strongest during the hurricane season, so we use an Augtiebé average of the
SOl as our covariate (explanatory variable). The monthly &ues (Ropelewski
and Jones 1997) are obtained from the Climatic Research(ORIY).

The United Kingdom Hadley model SST and U.S. NOAA optimaéipblated
SST datasets were used to compute Atlantic SST anomali€sniorth of the equa-
tor. Anomalies are computed by month using the base peri6d-42000. Data are
obtained from the NOAA-CIRES Climate Diagnostics Centeckbt 1871. For
this study we average the SST anomalies over the peak huerEsason months
of August through October. Monthly global temperature aales (1961-90 base
period) from the Intergovernmental Panel on Climate Chaitig€C) values are
obtained from the CRU (Folland et al. 2001).
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3 Quantilesand hurricane intensity

Quantile regression, introduced by Koenker and BasseTi)l @xtends the ordinary
least-squares regression model to conditional quantiléseoresponse variable. It
is used in Elsner et al. (2008) and Jagger and Elsner (200&}amine trends in
the intensity of tropical cyclones. Before considering application of quantile re-
gression using hurricane intensity we say a few words aheantjes and hurricane
intensity.

Quantiles are points taken at regular intervals from theuwative distribution
function of a random variable. The quantiles mark a set od data into equal-
sized data subsets. For example, of the 409 hurricane ityteadues in our North
Atlantic data set, 25% of them are less than 39 Th, svhile 50% are less than
47 m s, Thus there is an equal number of hurricanes with intesshigtween
33 and 39 m st as there is between 39 and 47 m'sWhen we say that the me-
dian maximum hurricane intensity is 47 m'swe mean that half of all hurricanes
have intensities less than this value and half have iniesgiteater than this value.
Similarly, the quartiles (deciles) divide the sample ofrieane intensities into four
(ten) groups with equal proportions of the sample in eaclugrdhe quantiles, or
percentiles, refer to the general case of dividing the ®itas into any number of
groups.

Quantiles values of hurricane intensity are not directbyl tio the frequency of
hurricanes. This is important to understand before exargihiow the quantiles
might be changing over time. Suppose for instance that ineseanlier year there
occur 4 hurricanes with maximum wind speeds of 33, 38, 4858md s 1, and that
in some later year there occur 3 hurricanes with maximum wjmekeds of 33, 43
and 61 m s1. Then using only these two years we can see that there is @adecin
the frequency of hurricanes yet there is no change in the nméamsity (46 m st)
nor is there a change in the median intensity (431 .sHowever, there is an in-
crease in the quantile values of wind speed above the mdehaimstance, the 75th
percentile increases from 49 to 52 mtsand the 90th percentile increases from 52
to 57 m s over this period.

Others have argued that the percentage of strong hurritcarietal number of
hurricanes is the important index for detecting change mitane activity (Webster
et al. 2005). Consider another example, where in the eamdiar there are only 3
hurricanes with maximum speeds of 33, 40 and 50 fand where the later year
is the same as before. Then the ratio of major hurricareSq m s!) remains
the same yet the strongest hurricane is stronger. Thus we déingit the intensity
of the strongest hurricanes as indicated by the change ingper quantile values
of maximum reported wind speed is the variable most relet@ithe debate on
hurricane intensity in a changing climate.

Moreover, the concern that if the total number of hurricase®t changing and
the number of strong hurricanes is increasing, then the euwibyeak hurricanes
must decrease proportionally is misplaced. The rate ohgtlarricanes is much
smaller than the rate of weak hurricanes. As the ocean wédwerstionger hurricanes
can effectively “borrow” a few hurricanes from below a spied threshold intensity
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that may result in a significant increase in the rate of steomgirricanes while not
significantly reducing the rate of weaker hurricanes.

4 Increasesin hurricaneintensity with increasing SST
accounting for ENSO

The value of a simple trend analysis (involving only one ablié—usually time)
is limited by the fact that other explanatory variables afgght be trending. In the
context of hurricane intensity, it is well known that the BEDI8ycle can significantly
alter the frequency and intensity of hurricane activity loa seasonal time scale. A
trend over time in hurricane intensity could simply refleatrenge in this cycle.
Thus it is important to look at the trend after controlling fbis important factor.
Here we go beyond what was done in Elsner et al. (2008) and ghewend as
a function of Atlantic SST after controlling for the ENSO &ycThus we answer
the question of whether the data support the contentiorthieahcreasing trend in
the intensity of the strongest hurricanes is related to arease in ocean warmth
conditional on ENSO.

Figure 1 shows the results of a quantile regression modegusorth Atlantic
lifetime maximum intensity as the response variable andriit SST and Pacific
SOl as the explanatory variables. Other variables inclyithie North Atlantic oscil-
lation (NAO) and sunspots were found not to be statisticsiliynificant. The trend
values are plotted for percentile values of wind speed betvigo and 95% in in-
tervals of 5%.

Trend values for Atlantic SST range from near zero for thekee&urricanes
(lowest quantiles) to between 10 and 15 nt per°C. The trends are statistically
significant for hurricanes above the 60th percentile (omaye, above 52 m'$) as
can be seen by the 90% confidence band sitting entirely albeveetro trend line.
The trend peaks at 16 nmT$per°C at the 75th percentile with a 90% confidence
interval of between 7 and 20 nrsper°C. The mean regression line indicates a
trend of about 5 mst per°C which is statistically significant above the zero trend
line as indicated by the dashed lines (90% confidence in®rva

Trend values for the SOI range from about 1 nt per standard deviation for
the weakest hurricanes to near 3 nt per standard deviation for hurricanes above
the median intensity (on average 49 ms The trends are mostly statistically sig-
nificant and the mean regression line indicates a statiigtisgnificant trend of 2
m s 1 per standard deviation. The results clearly indicate thatrising trend of
the most intense hurricanes as the ocean temperatures sggnificant after ac-
counting for the ENSO cycle. Thus the ENSO cycle, althougb aignificant as
expected in modulating hurricane intensity, cannot exygtlaé increasing intensity
of the strongest Atlantic hurricanes as ocean temperases.r
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Fig. 1 Basin-wide trends in North Atlantic hurricane intensity.@uantile trends with respect
to Atlantic SST controlling for ENSO. For an increase in S&&re are increases in hurricane
intensity with increases generally larger (above 10 thger°C) at higher hurricane intensities.
Statistically significant trends are noted for quantileuesl above the median hurricane intensity.
The plot looks similar when using data starting with 1965€ige era). b. Quantile trends with
respect to ENSO controlling for SST. For a 1 standard denaiicrease in the SOI (toward La
Nifia conditions) there is an increase of around 2 tis hurricane intensity. The gray area defines
the 90% confidence intervals about the trend estimates. Eaa megression line is about 5 m's
per°C for SST and about 2 m'$ per s.d. for SOI and both are statistically significant atzem

as shown by the dashed lines (90% confidence intervals).

5 Geographic distribution of lifetime maximum intensity

Even though the strongest hurricanes are getting strongartbe period 1943—
2008, it does not necessarily imply that hurricanes appiogdand or those over
land are getting stronger. In fact it has been mentioneddhaesults might not
be particularly relevant to decision makers if most hum&sareach their maximum
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intensity far from land. Here we examine the geographicidistion of lifetime
maximum intensity and find what might, at first, seem a bit 5ainpg.

We do this by dividing the North Atlantic basin into nearlgtal area hexagon
bins and counting the number of times the location of a handds lifetime maxi-
mum intensity occurs within each bin. Hexagon bins are usstéad of the more
common rectangular bins because a hexagon representssheobpepromise be-
tween overlap and spatial uniformity (Brettschneider 2088 with the rectangles,
hexagons provide a tiling of the two dimensional plane. Tisahey can be fit to-
gether with no gaps. Moreover since all interior angles arggeuent and all sides
are of equal length, the hexagon is the shape with the mostsatitat still tiles the
plane and that best approximates the circle.

For each hurricane we determine where the hurridasereached its lifetime
maximum intensity. Figure 2 shows the results of this coypfirocedure along
with the maximum value over all lifetime maximum intensitier hurricanes within
each bin. The “bee hive” plot shows the geographic distidonf the frequency and
intensity of the lifetime maximum intensity. Only locat®with at least one lifetime
maximum intensity value have a hexagon bin and the bin wl#fpproximately 5
of longitude.

Counts

P NDWAOO N ®

Fig. 2 Frequency and maximum intensity of Atlantic hurricanesifatime maximum intensity.
The gray scale shows the number of times a hurricane reathl@dtime maximum intensity (first
time only) within the hexagon bin using hurricanes over teeqa 1943-2008. The value inside
the hexagon is the maximum intensity (mt$of all lifetime maxima in the bin.
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Perhaps somewhat surprising is that the U.S. coast (edipedtang the Gulf and
southeast) are more threatened by hurricanes near tlegimé@ maximum compared
with areas farther to the east and south over the open oageact] 69% of all 409
hurricanes over the period 1943-2008 have a lifetime maxirachexagon bin that
is centered to the west of B0/ longitude.

Upon deeper reflection, near-coastal locations might bee@rd to have a
greater number of hurricanes at lifetime maximum since &msifying hurricane
will decay after making landfall thereby capping intenstyor near the coast. In-
terestingly though, these regions tend also to be wherathasities of the lifetime
maxima are large. This is not entirely surprising as thess bontain a larger col-
lection of maxima. In fact the correlation between the nundf¢imes a hurricane
reaches its lifetime maximum in the bin and the maximum isitgrover all lifetime
maxima is 0.5 [0.33, 0.63] (95% confidence interval) overd8dins.

Hurricanes typically originate over the waters of the wigpanse of the tropical
oceans. They intensify over these warm waters then decéegnsitove over cooler
waters or over land. Thus over the western part of the Nordrit hurricane basin
and especially near the Gulf coast the hexagon bins containtare of hurricanes
that are close to their theoretical maximum potential isitgras well as hurricanes
that were intensifying prior to landfall, but still conceaiy far from their theoretical
maximum potential intensity. It is this mixture of hurri@mtensities that might
help explain why a climate change signal is not apparenténstt of hurricane
intensities at landfall as it is for the larger set of hurniea basin wide.

6 Geographic distribution of changesin maximum intensity

As noted previously, using only the lifetime maximum intiégpnBmits the data set to
409 hurricanes over the period 1943—-2008. Examining thgmghic distribution
of these lifetime maxima as was done in the previous sediioitslthe number of
cases to a median of about 3 hurricanes per bin. This is tocds®as to examine the
geographic distribution of changes in maximum intensitgrdime.

Therefore in this section we consider the intensity of lnames along their entire
path at hourly intervals. The hourly intensities are base@ apline interpolation
of the 6-hr estimates as mentioned in Sect. 2. The hourlyidaure intensities are
binned using hexagons as before and the maximum intenditg ¥ar each bin is
obtained. This maximum intensity reflects the strongestnesed wind speed over
all hourly observations and over all hurricanes passinauitin the bin.

Figure 3 shows the geographic distribution of hurricangdency and maximum
intensities using hexagon bins. The regions of higher feegy corresponds to the
preferred pathway of hurricanes across the basin. The natasble pathway being
the parabolic sweep from the low latitudes of the centrahitic northwestward to
the Bahamas and then northward and northeastward towagtlerHatitudes. The
main focal region for hurricane activity is the area near mstito the north of the
Bahamas.
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Fig. 3 Frequency and maximum intensity of hourly hurricane oketgoms. The gray shade indi-
cates the frequency of hourly observations in the hexagomui the number inside the bin is the
maximum intensity over all hourly observations in the bin.

The correlation between the spatial density of hourly lwvame observations and
maximum intensity is 0.73 indicating, as expected, a tigiattial relationship be-
tween factors that control hurricane frequency and factioas control intensity.
However, the strongest of the strong hurricanes occur tnemniestern Caribbean
Sea and into the Gulf of Mexico. Next we consider the geograydriation in the
change of maximum intensity over time. To do this we divide@b-year record into
two parts and create similar bee hives of hurricane intgasitl frequency. We then
plot the differences using the same bee hive plot. The dvis based on separating
the years into two equal groups.

The frequency and maximum intensity of hurricanes over tammsecutive non-
overlapping time periods are displayed in Figure 4. The tmets show the number
of hourly observations and the bottom panels show the maxiimtensity value
over all the observations. The left panels show the data fhenperiod 1943-1975
and the right panels show the data from the period 1976—2008.

Overall there are 9% fewer hourly observations over the kgars compared
with the earlier years. But over the Caribbean and Gulf of idethe differenceis in
favor of the earlier period. That s, there are 25% more hydwrtricane observations
in the 20 hexagon bins comprising the Gulf of Mexico and theliean during the
33-year period 1943-1975 as there are in the same 20 bindlwvéater 33-year
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a. No. of Observations (1943-1975) b. No. of Observations (1976-2008)
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Fig. 4 Number of hurricane hourly values and maximum hurricanensity by region and period.
The regions are the hexagon bins used in Figure 3. The nunfibeuoly values is based on a
spline interpolation of the 6-hr HURDAT estimates. The nmaxin intensity in m s is based on
all hourly values in the bin. The two periods include the ivéds before and after 1975.

period 1976-2008. There are also notably more hurricaneradisons during the
earlier period over the Bahamas extending into the westerthMtlantic.

One explanation for the fewer hourly hurricane observatisnhe faster forward
speeds in the later period. Although the average forwaredspehurricanes over the
entire basin during the earlier period is 6.5 m swhich compares with 6.3 n$
over the later period. Over the region bounded by’18& 60W and 10 and 30N,
the average forward speed is 4.9 it ®ver the earlier period compared with 5.2
m s 1 over the later period. Thus over the region including thelbaan Sea, Gulf
of Mexico, and the Bahamas, hurricanes moved on average é%otaster during
the most recent 33-year period compared with the earlidoget his difference
in forward speed accounts for a 5.6% reduction in counts ena@e. With fewer
hurricane observations we might expect the maximum intiesgo be lower.

Indeed with fewer hurricanes more recently you would exfesee lower max-
imum intensities as is noted over the western North Atlaimi@restingly, however,
over the Gulf of Mexico and Caribbean Sea, where there acefa¥ger hurricane
observations during the later half of the record, the maxmmtensities tend to be
larger. In fact the average maximum intensity over the 2@Gger bins is 68 ms
during the early period compared with 74 mtsluring the later period, an increase
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of about 10%. Thus over the Gulf of Mexico and Caribbean ttengiest hurricanes
are getting stronger. And this is also where hurricanesamneiglly strongest fueled
by the largest ocean heat capacity of anywhere across tive bafact, 6 of the 20
hexagon bins over the Gulf and Caribbean have maximum itieniat 80 m st
or higher compared during the later period compared witly @rduring the earlier
period.

The differences in the number of observations (expressagascentage) and the
differences in maximum hurricane intensities betweenwegeriods is illustrated
in Figure 5. The positive (negative) percentages indicabeenffewer) hurricane
observations over the later period. The positive (negptiedues indicate higher
(lower) maximum intensities over the later period. Incesaas large as 10 to 19
m s~1 are noted over the Gulf of Mexico and the Caribbean Sea. Rsesaare noted
over the western North Atlantic to the northeast of the Badmrecreases are also
noted along most of the United States coastline. This ist@nasting finding that is
consistent with the hypothesis that continental aerosoisct to decrease hurricane
intensity (Khain et al. 2009) and that might help explain ndgspite the increasing
intensity of basin-wide hurricanes, there is no upward tendormalized insured
losses (Jagger et al. 2008, Pielke et al. 2008). Because sptitial correlation, the
number of comparisons, and the arbitrary division of yeaesmake no attempt to
estimate the statistical significance of these resulty, woting that they are largely
consistent with our admittedly limited theoretical undensling of hurricanes on a
climate scale.

7 Summary and conclusions

Hurricanes are not well resolved in current climate modueils tve must rely on the
available historical data to get a glimpse of what might teapim the future. In a
recent paper (Elsner et al. 2008) we showed that the strohgagcanes have been
getting stronger with a 26-year trend that is related to ameiase in ocean tem-
perature over the Atlantic and elsewhere. In this chaptieleeee for this claim is
examined in more detail. In particular, quantile trend$weéspect to SST are esti-
mated after statistically controlling for ENSO. Moreoviee tgeographic variability
of lifetime maximum intensities and their changes over tareeexamined by divid-
ing the North Atlantic hurricane basin into hexagon binsxatgn bins provide a
tiling of the area of interest while best approximating ttieal shape of a circle.

It is found that the strongest Atlantic hurricanes are ggtsitronger and the in-
crease is related to an increase in SST after controllinglianges in the ENSO.
The trend peaks at 16 nmT$per°C at the 75th percentile with a 90% confidence
interval of between 7 and 20 msper°C. The problem of increasing intensity of
the strongest hurricanes is not confined to the open oceagaaly 0% of all hur-
ricanes reach their lifetime maximum intensity west of\80ongitude. The largest
increase in the intensity of the strongest hurricanes isimity over the Gulf of
Mexico and the Caribbean Sea where ocean temperatures areestalnterest-
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a. Difference in No. Observations (%)
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Fig. 5 Differences in the number of observations and maximum tame intensities. The differ-

ences are based on the periods 1943-1975 and 1976-200&, thbetumber of observations and
maximum hurricane intensity in the bin during the earlierqe: are subtracted from the number
of observations and maximum hurricane intensity in the hirindy the later period. a. Positive

(negative) values indicate more (fewer) hurricane obsienva over the later period. b. Positive
(negative) values indicate an increase (a decrease) intiesity of the strongest hurricanes. Note
there are fewer but stronger hurricanes across much of tfeof3dexico and the Caribbean Sea
during the more recent period.
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ingly, these regions where the strongest hurricanes ategestronger correspond
to areas with fewer observations. We also note a tendendgfoeases in maximum
intensities for hurricanes along the U.S. coastline.

In summary, the heat-engine theory of tropical cyclonensity (Emanuel 1991)
is not about more intense hurricanes rather it is about dadame becoming more
intense. There is an important difference. The first is ateoasllection of hurri-
canes so more intense hurricanes could result from simpinganore hurricanes.
But even under a scenario of constant (or decreasing) laneicate, the strongest
hurricanes are getting stronger. If we consider near-abastricanes as a subset
of all hurricanes, then we do not necessarily expect to sesitinal, since we are
capturing hurricanes at a somewhat random part of theyidke. This mixing of in-
tensity distributions might help explain why a climate charignal is not apparent
in the set of landfall hurricane intensities. Moreoveryeasing aerosol concentra-
tions from the increasing built environments could be dammmpthe intensity of
the strongest hurricanes as they approach the coast. Makeamahis interesting
and important topic is needed.

8 Repliesto commentson Elsner et al. (2008)

Our paper entitled: “The increasing intensity of the strestdropical cyclones” pub-
lished in the September 4th, 2008 issueNafture garnered considerable attention
in the scientific community. Here we present comments,disiebullets, that were
received on this work. The comments came from various seumncéuding therrop-

ical storms mailing lisand we reproduce them here as is. Our replies to the com-
ments follow in the gray boxes.

e Comment: Intuitively the number of tropical cyclones exdieg the mean rate
plus 2 times the standard deviation as was shown in previades (e.g., Kossin
et al. 2007) should be equivalent to number of tropical aye®exceeding some
upper quantile level as shown in Elsner et al. (2008).

Reply: The number of cyclones exceeding plus 2 times thelatandevi-
ation is positively correlated to the rate of cyclones. Aibagith a lower
rate of tropical cyclones will have fewer cyclones excegdifus 2 times
the standard deviation compared with a basin with a higtter vehile the
number of cyclones exceeding the 90th percentile is notssacidy de-
pendent on the rate. Thus it is not appropriate to compatajsrway, the
differences between Kossin et al. (2007) and Elsner et @0g§R

e Comment: I've regressed the most intense tropical cyclpeeseason on year
and my results do not match those presented in Elsner e0fl8)2
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Reply: A regression of the most intense tropical cyclonespason is not
the same as quantile regression on year as was done in Elsie{2008)

for the following two reasons. a) Quantile regression min@s a linear
absolute deviation statistic rather than a quadraticsttatiand b) quantile
regression treats each intensity value equally; no win@dpantributes
more to the model fit.

Comment: Your results are only marginally significant aneréhare many fac-
tors contributing to hurricane intensification.

Reply: That is correct, but all else being equal, a warminghef trop-

ical oceans where tropical cyclones form should increas# thtensity.

Since the strongest tropical cyclones are, on averagesstlés their the-
oretical maximum potential intensity it stands to reasaat ththere is a
warming signal it should be most apparent in the tendendye$étrongest
cyclones. Moreover, statistical inference is concerneth Wrawing con-
clusions based on data together with prior assumptionsurAemts that
include the basic physics of the role ocean heat plays indabpyclone
intensity have more weight before the data are examined.

Comment: The authors claim that the increasing trend isistamg with theory,
yet numerical modeling studies suggest a different seitgitf tropical cyclone
intensity to warming.

Reply: Numerical models are not theory. They are based aoryhbut
require ad hoc empirical arguments that place them intogtaker of “sce-
nario generators.” The theory we have in mind is the 2nd lathefmo-
dynamics. If the future is one with greater wind shear actiossvarming
North Atlantic, then there may indeed be fewer hurricanes.

Comment: I'm surprised that the relationship between isitgrand sea-surface
temperature is not stronger.

Reply: The physics of cyclone intensification works agaihstcorrelative
relationship. An active year of tropical cyclones will effevely remove
warmth from the ocean so that a seasonal average tempevatuinot
correlate as strongly with tropical cyclone activity as anght expect
even though the physical causality is strong.
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e Comment: Yet when you look at scatter plots of these SSTseedesus number
of intense TCs [tropical cyclones] there is no relationghiphe warmer SST,
more intense TCs direction.

Reply: We did not look at the number of TCs; we looked at thennt
sity. There is no theory for TC formation. However, given a, fitere is a
nice theory for the efficiency of intensification. So, we fsed on intensity
rather than on frequency. Given a TC in a nearly optimal dyin@mviron-
ment, we should expect to see it reach a higher intensitywattmer SST.
If on average 10% of the storms get within 5% of their maximurtep-
tial intensity (MPI) and the MPI increases then we would $eestrongest
storms getting stronger, assuming all else stays the same.

e Comment: Here’s a hypothetical, what if the predictor hagib@nother quantity
that also shows a significant trend over the period 1981-20fih’t know...my
weight, perhaps.would one be discussing what the physical meaning of a non-
significant correlation between the two was?

Reply: This hypothetical has little to do with the relatibisof hurricanes
to warming seas since in the latter there is a theory linkiegwo, whereas
with your weight and hurricanes there is none. In sciencertakes a big
difference.
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