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ABSTRACT. The time series of the various indices of Atlangtorm activity (number of named storms,
hurricanes, etc.) for 1900-2000 were subjecteghéztsal analysis by MEM (Maximum Entropy Methodgdaamplitudes
of the periodicities were obtained by MRA (MultifRegression Analysis). For recent data (1950 odsyasignificant
periodicities were in the quasi-biennial, quagnial regions and also in higher regions, inclgdiecadal. In the QBO
region (2-3 years), storm indices had peaks nedy &nd 2.85 years, similar to 2.40 years of 50 IbRalatitude zonal
wind and 2.40 and 2.85 years of ENSO (EI Nifio/SeuthOscillation) phenomenon. In the QTO region (8e4rs),
storm indices and ENSO had common peaks near &5.yl higher periodicity regions, storm indicegltpeaks at
4.5-55, 8-9, 11-12 and 14-15 years, while ENSO feaks at 7.4 and 12-14 years. In the multi-decedade, storm
peaks were at 28-34, 40, 50-53, 61-63, ~70 andye86s (but different for different indices), whietatched with similar
peaks in land and sea surface temperatures. Salicesrhad large uptrends, ~50% in 90 years.

Key words— Multiple regression analysis, ENSO, QBO, QT(a Serface temperature.

1. Introduction example, Arlene, Bret, Cindy, Dennis ... for 1999pme
‘primarily killer' (deadly) storms have their names
The Atlantic hurricane basin includes the entire ‘retired’, not to be used again (for example, Hugo
North Atlantic Ocean, the Caribbean Sea, and thé @u  1989). The events are concentrated in the lattéiohéhe
Mexico. The region is prone to tropical cyclonesich calendar year. The official start and end of theibane
are large-scale circular flows occurring within tiepics season are 1 June and 30 November, respectiliatythe
and subtropics but often intruding into middle tladies, active part begins only by about 1 August, atta@inseak
with strongest winds at low levels. Depending upbe in September and is over by end of October. There i
magnitude of the maximum sustained winds, these areconsiderable inter-annual variability in the vasdodices
called Tropical Storms (TS, 17-32 m/s, meters per(one value per year), namely) NS, number of named
second), and Hurricanes (H, exceeding 32 m/s). Forstorms, {{) NSD, number of named storm days (four
Hurricanes only, there is the Saffir/Simpson Huwarnie 6-hour periods) during which the event occurréid) H,
scale classification (Simpson, 1974) of speed caies, number of Hurricanes,i() HD, number of Hurricane
1(33-42 m/s), 2(43-49 m/s), 3(50-58 m/s), 4(59-68)m days, ¢) IH, number of Intense Hurricanesyi)( IHD,
5(exceeding 69 m/s), where categories 3-5 are ctalle number of Intense Hurricane days (Gray al, 1997,
Intense (or Major) Hurricanes (IH). Most of theseats 1999).
are given names in alphabetical order (strictlydnirom
1953 till 1978 and alternating male/female theerafand Hurricanes result in considerable damage in the
currently repeating the list of names every sixrgg#or United States. The National Oceanic and Atmospheric
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Administration's National Hurricane Center has kept and their further modifications (Gragt al, 1997, 1999
records of total continental U.S. damages related t and references therein). The results are also caupa
hurricanes since 1900 (Hebettal, 1997). As shown by  with those of Elsner (1998), who analysed the karré
Landsea (1993) and Pielke and Landsea (1998, 1889), activity series (1896-1996) by a combination ofn¢ié
raw data are inappropriate for climate trend angslys spectrum analysis) SSA/MEM, and with those of HEisne
because large societal changes have resulted ransatic et al. (1998) who developed an empirical prediction
growth in recorded losses, even as Hurricane ldledfa algorithm to assess the potential of useful mudtison
decreased during the later decades of this centuryforecasts of North Atlantic hurricane activity. Redy,
Nevertheless, it is possible to normalize the ddtds Landseaet al (1999) made a detailed examination of the
present-day values by accounting for the most fogmit Atlantic basin hurricane indices for inter-annuednds
societal changes. and multi-decadal variability. Our results are camgol
with their results.
To normalize past impacts data to 1997 values,
Pielke and Landsea (1998, 1999) adjusted lossesl ltas
three factors: inflation, wealth, and populatiorat®on all 2.  Methodology MEM-MRA
three factors are kept by the U.S. Government diogva
for the creation of a normalized loss dataset f#25L97. To obtain quantitative estimates of the charadtesis
The result of normalization is an estimate of thermmic of the interannual variability, the series werejeated to
impact of any storm, had it made landfall in 199ile spectral analysis. The method used was MEM (Maximum
such estimates are likely conservative for sewerasons,  Entropy Method, Burg, 1967; Ulrych and Bishop, 1975
it does allow for trend analysis of an underlyirdgnatic which locates peaks much more accurately than the
signal, as shown by Pielke and Landsea (1998, 1999) conventional BT (Blackman and Tukey, 1958) method.
However, the amplitude (Power) estimates in MEM are
Besides NS, NSD, H, HD, IH, IHD and their average not very reliable (Kane, 1977, 1979; Kane and Tdiye
NTC, two more indices are available, namely, Hamie 1982). Hence, MEM was used only for detecting lad t
Destruction Potential (HDP), a measure of a hunets  possible peak3y (k = 1 ton), using LPEF (Length of the
potential for wind and storm surge destruction riedi as Prediction Error Filter) as 50% of the data lengthese
the sum of the square of a hurricane's maximum windT, were then used in the expression :
speed (in 10 knot$) for each 6-hour period of its
existence, and Maximum Potential Destruction (MP®), n
measure of the net maximum destruction potentiahdu f(t) =A +Z[ak sin(2nt/Tk)+bk c05(2nt/Tk)]+ E
the season compiled as the sum of the square of the k=1
maximum wind observed (in knots) for each nameohsto n
values expressed in %4. =A+ Zrk sin(2nt/Tk +q<)+ E
k=1
Gray (1984a) reported a substantial negative
correlation between the storm indices and the where f(t) is the observed series aitd the error
phenomenon of El Nifio and also when equatorial wiaid ~ factor. A Multiple Regression Analysis (MRA, Beviog,
30 hPa were from easterly direction and/or wer@beog 1969) was then carried out to estimag (a, by), and
easterly (Shapiro, 1989). Also, a three-to-oneoraias  their standard errors (by a least-square fit). Fibese,
reported in continental U.S. land-falling intense amplitudesr, and their standard errax, (common for all
hurricanes, with 0.74 per year striking during rieiNifio re in this methodology, which assumes white noise)ewer
years and only 0.25 per year during El Nifio ye@Bsve calculated. Anyr, exceeding & is significant at a 95%
et al, 1998; Pielke and Landsea, 1999). Gray (1984b)(a priori) confidence level. For prediction purpssenly
formulated a forecast scheme for hurricane indibased  the highly significant periodicities were used. Skimple
on El Nifio, stratospheric wind quasi-biennial datibn method of prediction will be termed as MEM-MRA.
(QBO), and regional sea-level pressure data foibBaan There is another, more sophisticated method c&®BA-
basin meteorological stations. In the present MEM (Single Spectrum Analysis-Maximum Entropy
communication, the time series of the various storm Method) which is employed in many analyses.
indices and the US damage index are subjectedeittrsp
analysis by MEM-MRA (Maximum  Entropy
Method/Multiple Regression Analysis) and the sigpaift 3. Dataplots
spectral components are synthesized to reproduee th
series and use the extrapolations for predictioise The data for Atlantic storm indices were obtained
results are compared with the predictions of Gi884Db) from Gray (1984a,b), Grastal (1999, 2000), Landsea
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Fig. 1. Plots of one value per year of the Atlantic standices (1-7) HD, H, NS, NSD, IH, IHD, US
Damage, and two values per year of (8) 50 hPa wodijtive values, westerly, (9) Tahiti
minus Darwin atmospheric pressure difference, (Central Pacific SST anomalies, for
1900-98. The superposed thick lines are 3-yearingnaverages. The dashed horizontal lines
are overall means and the dots indicate high &gtiears. In panels 4 and 10, El Nifios are
indicated (Square, strong; Triangle, moderate; Beiak). In panel 7, crosses indicate years

when storm activity was large but US damage wayg seall

(1993), Pielke and Landsea (1999), web site ofethes (i)
authors http://typhoon.atmos.colostate.edu/forécaahd
private communications from Dr.
and Dr. Roger Pielke Jr. Fig. 1 shows plots of som

selected series for 1900-98, and Table 1 givesr thei (i)
intercorrelations. The following may be noted :

i98Q 1990 2000

indicating a QBO (Quasi-Biennial
Christopher Landsea considerable variance (~ 50%) is in the 2-3 yeadba

All the series have a large year-to-year varighil

Oscillation).

If the QBO is minimized by obtaining 3-year rungi
averages, the smooth plots (superposed ftimek)l still

A
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TABLE 1

Inter-correlation between the various Atlantic Storm Indices

Named Named Hurricanes Hurricane Intgnse Intgnse Hurricane Net trop._ Max.pot_en
storms storms days H days hurricanes  hurricanes damage dest.poten  cycl. activi. destruction
NS NSD HD IH days IHD HDP NTC MPD

NS 1.00

NSD 0.87 1.00

H 0.84 0.81 1.00

HD 0.71 0.87 0.86 1.00

IH 0.61 0.73 0.71 0.80 1.00

IHD 0.46 0.65 0.58 0.80 0.86 1.00

US Damage 0.10 0.23 0.19 0.32 0.30 0.50 1.00

HDP 0.67 0.84 0.82 0.98 0.85 0.89 0.38 1.00

NTC 0.78 0.89 0.86 0.95 0.92 0.88 0.35 0.96 1.00

MPD 0.87 0.88 0.93 0.89 0.85 0.74 0.25 0.89 0.95 00 1.

show considerable variations. For example, namemunst correlation between US damage and the other indges
(NS, plot 3) showed low activity during 1900-30higher understandable.

level during 1930-70, and a reduced level therea@éher

indices also showed higher activity during 1930-TFlese (iv) In the smooth plots, several peaks have decadal
features have been reported in earlier publicat{@rsy, spacings (8-12 years). But the spacing is not away
1984a,b; Landsea, 1993; Landsetaal, 1999), though present, indicating its transient nature. Such pdakve
these do not support the idea that the whole basis been reported earliee.g, by Elsneret al (1999, and

quieter than usual during these three decadesldntilly, references therein).
the low activity during 1900-1930 seems to be
substantially due to the lack of observationalfplas for Since the correlations are not high, the various

monitoring these mesoscale, oceanic phenomenaoWfith indices could have spectral characteristics diffefeom
aircraft reconnaissance and satellite imagery, someeach other. Landses al (1999) have pointed out similar
tropical cyclones were either not counted or welis-m facts.
assigned as to their correct intensity (Holland3819
Landsea, 1993; Neumaret al, 1999; Landsea, 2000).
The intercorrelations are not all high (+0.70 orre)o A well-known atmospheric parameter having a QBO
probably due to these uncertainties and inaccwsacie (Quasi-Biennial Oscillation) is the stratospheriowl
latitude zonal wind (Reeckt al, 1961; Veryard and
(i) In some years (1916, 1926 etc., marked by abigd Ebdon, 1961) at 10-70 hPa. Data were obtained fram
activity was prominent in all indices and causedvye  Web site (http:/www.cpc.ncep.noaa.gov/data/indices)
damage in U.S.A. In contrast, in certain years 619®33 the Climate Prediction Center (CPC) of the National
etc., marked by a cross) the widespread activityehenild Oceanic and Atmospheric Administration (NOAA),
effect on USA land area. On the other hand, theseew Washington D. C. and the 12-month running averémes
years (1938, 1944, 1992) in which US damages oedurr 50 hPa wind are shown in Fig. 1, plot 8. As carséen,
even when the storm activity was low. However, such the 50 hPa wind had 17 westerly maxima during 19%0-
statistics could be misleading. As pointed out lapdsea  yielding an average peak spacing of 28 months. Newe
(1999), far more damage can be done by one majothis average spacing has increased with time. Gray
Hurricane hitting a heavily populated area tharséyeral (1984a) used 30 hPa QBO wind data (which are very
major Hurricanes hitting sparsely populated arédso, similar to the 50 hPa data) to select years whentinds
increased activity in any year does not automdyicakan were easterly or westerly. Presently, Gray’'s grosgs the
increased storm-related damage. In addition, eems | 30 hPa, 50 hPa and the absolute value of the shear
intense storms could cause disastrous floods. Ty between 50 and 30 hPa.
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Fig. 2. Amplitudes of the various periodicities (in yeasbtained by MEM-MRA. The hatched portions
represent the @ limits. Values for 1900-49 are shown in parentees&@lues marked with an
asterisk (*) are significant above 2mits. The abscissa scale is logarithm of peddgiT

Another atmospheric phenomenon having QBO, (Nifio 3 region) data which were available in theQCP
QTO (Quasi-Biennial and Quasi-Triennial Oscillagpiis Web site. As can be seen, Pacific SST anomaly naxim
the Southern Oscillation (SO) Index, simply represd are associated with El Nifio events occurring atRbeu-
by the Tahiti T (18° S, 150° W) minus Darwin D (187 Ecuador coast.
131° E) mean sea level pressure difference (T-DtaD
were available in the Web site mentioned above. T 4.  Spectral characteristics
month running averages for (T-D) are shown in Hig.
panel 9, for 1950 onward only. The peak spacing is 4.1. Small periodicities, up to decadal scale, from
irregular (2-4 years). The (T-D) minima are knownbie MEM-MRA
associated with El Nifio events, (defined as warm se
surface temperature anomalies near the Peru-Ecuador  Since some series are very well inter-correlatet; o
coast, South America and listed in Quiahal, 1987) spectra for a few selected indices not very weterin
shown by rectangles (strong), triangles (moderategll correlated will be shown. The amplitudes of theioas
circles (weak) in Fig. 1, in-between Panels 3 aridr4he periodicities obtained by MEM-MRA for the selected
whole period 1900-99 and in panel 10 for 1950 ondwar series are shown in Fig. 2, for periodicities 1@&rgeor
which also shows a plot of equatorial central Ra@ST less. Apart from a study of the periodicities bgrtiselves,
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the significant periodicities could be used for Naujokat (1986) and Pawsat al (1993) who mention
reconstructing the series and using the extrapblebues  that the QBO had a period of ~26 months in the $960
for predictions. To check the usefulness of suchwhich increased to ~27.5 months by 1980s and 28.1
predictions, periodicities are obtained by the wsial of months by 1993 (presently, it is ~30 months, Kar$98).
data of a limited interval (dependent data), leg\ime last
few values (independent data, ten values or mase) f (iii) Plot 7 shows spectra for the Southern Oscillation
checking the predictions. In the present caseg; data Index (T-D). Here, 1953-74 had periodicities 2.337,
for 1950-83 are used for periodicity detections and 14.0 years, which changed to 2.44, 3.3, 4.5 yearmgl
1984-98 values are predicted by extrapolation and1974-94. The Pacific SST spectra shown in plot & ar
compared with observed values. It has been himzicklhe similar to those for (T-D), with similar changesorin
data quality was poor before 1944 when routineraftc  1953-74 to 1974-94. Since both (T-D) and Pacifid a8
reconnaissance of Atlantic tropical cyclones begard intimately related to the El Nifio events, the chemgver
the greatest reliability started around mid-1960semv  time indicate changes in the EI Nifio timings. It is
satellite detection was begun operationally (Neuman interesting to note that QBO exists in the ENSO (El
et al, 1993; Goldenberg and Shapiro, 1996). Also, the Nifio/Southern Oscillation) phenomenon too, thouglat
characteristics might have changed with time. Hetloe smaller extent. The main peaks in ENSO are ned ~3.
series were divided into two parts, 1900-49 and0i%3, and 4.5 years.
to compare the characteristics. The bifurcation dase
at 1950 firstly because data for stratospheric wiadd
some SSTs (e.g., Nifio 1&2 etc.) are available fa®&0 (iv) For 1974 onwards, 50 hPa wind QBO at 2.49 years i
onwards only, and secondly, the results for théedat very similar to ENSO (T-D and SST) QBO, namely,42.4
period could be compared with 1951-82, used by Gray2.49 years. Thus, there is a possibility that thege
(1984a). In each plot in Fig. 2, there are two raafs phenomena, one related to ocean and the other to
numbers. The numbers in the upper row (in pareajes stratosphere, may have mutual interaction at this
indicate the periodicities for 1900-49, while thdeethe frequency. Rasmussost al (1990) showed that ENSO
lower row are for 1950-83 and are shown with alradc  had a near biennial component, though its relatipns
area representing thes 2imits of 95% confidence. Peaks with stratospheric wind QBO was not specifically
protruding outside the hatched area are signifiashove a  mentioned. Such a possibility has been indicate@etier
95% confidence level and are marked with an agtét)s et al (1997 and references therein). However, the 50 hP
Following may be noted: wind QBO periodicities are not always similar tosk of
ENSO. Thus, the relationship between the two maybeo
(i) In all hurricane index series (1-5), there arenyna the same all the time.
periodicities in the QBO region (2-3 years), muchrenso
in the earlier period 1900-1949. These could bécatie
of inaccurate data, but some periodicities stand ou (v) The QBO in Atlantic storm indices has a periagici
prominently in the indices NS, H, IH, HD, for exalmp  at ~2.80 years during 1951-83. This is very differeom
~2.7, 3.8, 5.3 and 8.5 years. Even US damage seriethe 50 hPa wind QBO (2.38 - 2.49 years). Thus,recti
shows some of these. connection between stratospheric wind and Atlantic
storms may not exist all the time, or, it coulddistorted
(i) Plot 6 shows spectra for 50 hPa wind. Here, databy ENSO and other effects. The Atlantic storm QB&ym
were available from ~1950 onwards only. The interva as well be a part of the ENSO-QBO at ~2.85 yearsdu
1953-94 (42 years) was divided into two roughly aqu 1950-74.
intervals (1953-74) and (1974-94), to check whether
characteristics changed even in such short interialthe (vi) To get some quantitative measures, the series of
first part 1953-74, the wind had a prominent peaR.a8 storm indices were cross-correlated with the 50 Wwival
years (~28.5 months) and two subsidiaries but Bogmit series. The correlations were very low at all lags,
peaks at 2.01, 2.95 years. In the second part 2@874- indicating either a lack of relationship, or disimns due
there was only one very strong peak at 2.49 yead® ( to other effects. The El Nifios are individual ewgriiut
months). Thus, even though the wind spectra arellynos are well represented by the Southern Oscillatiotiexn
QBO, the spacing changed from ~28 months to ~30(SOl) series (Tahiti minus Darwin atmospheric puesk
months. (We have confirmed by using artificial séeesms A cross-correlation between storm indices and Sfiies
inputs that the MEM-MRA method is very accurateha yielded a positive correlation (storm index valuasyer
QBO region and periodicities can be distinguishétth an for larger SOI, implying La Nifia effects), but the
accuracy of 0.05 years). This change of QBO petibdi  correlations were very small (~+0.4 or less), iatiieg
with time has already been noticed and reported bymediocre relationship.
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Figs. 3 (a-c). (a)Plots of 3-yearly means (thin lines) and farthunning means over three consecutive valuesk(iiries), (b) Amplitudes of the
various periodicities (in years) by MEM-MRA, in ti6-80 year interval and (c) Means, and trendsl(fmércentage change in 90
years)

4.2. Trends and large periodicities (multi-decadal cases, the activity was high during ~1943-73 (mzrkg
scale), from MEM-MRA vertical lines) and, in some cases, even aboutdecade
earlier, {i) Some indices show long-period oscillations, or
Landseaet al (1999) mention that only weak linear long-term trends, or both.
trends can be ascribed to the Atlantic hurricantviac
and that multi-decadal variability is more charaste of Fig. 3(b) shows the MEM-MRA spectra, for the
the region. For studying long periodicities andntig, higher periodicity range 16-80 years. In almosiralices,
longer data series need to be used. Hence, ewkéngikhe a periodicity around 15-20 years (but mostly 15y&@rs)
possibility that the earlier hurricane data may betvery is seen. Besides, there are periodicities at 28484 50-
accurate, these were used for analysis. A prelimina 53, 61-63, ~70 and ~80 years, but not necessaritynmon
analysis showed that the long-term characteristifsred to all indices. MEM is very powerful and accurateda
considerably from one index to another. Hencehallten detects periodicities even comparable to the datgth,
indices were examined. Fig. 3(a) (thin lines) shawsot though with an error of + 10 percent. Hence, in the
of 3-year means, where short-term periodicities QQB present case (data length of 90 years), the peiipdif 80
etc.) are expected to be mostly eliminated. Howethex years can be genuine. Fig. 3(c) shows the overalinm
thin lines still show some QBO-QTO residues. Hence, and the long-term trends (obtained by a linearaggjon
further 3 consecutive-value running means were analysis) for each storm index. As can be seentrémels
calculated and are shown as superposed thick hvigish are very large (almost 50% increase in 90 years) fo
are fairly smooth and indicate the following} (n all the Named storms NS, Hurricanes H, and Maximum Potentia
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TABLE 2

Periodicities obtained by MEM-MRA for 1950-83 and used for predictions of valuesfor 1984 onwards.
Asterisks (*) indicate high significance

Correlation coefficients#~0.10)

Dependent data Independent data
Index Periodicities for prediction (years)
1950-83 1984-98
All peaks Asterisk* All peaks Asterisk*
H (No.) 2.78*% 3.70, 5.17*, 8.39 +0.75 +0.61 -0.02 -0.06
NS (No.) 2.36, 2.61*,2.83, 5.29* +0.74 +0.57 +0.17 +0.14
NS Days 2.34, 2.62*, 2.86, 5.08* +0.77 +0.56 +0.48 +0.50
H Days 2.78,5.17,14.24 +0.61 X -0.14 X
IH (No.) 2.74,4.85 +0.63 X -0.10 X
IH Days 2.70%,3.48, 4.80* +0.61 +0.53 +0.43 +0.17
US Damage 2.42,2.92,3.68*4.69*,5.45,8.48 +0.88 560. -0.16 -0.21
NTC 2.42,2.68%,2.91%,3.44,4.97%,6.3,17.4 +0.65 0.6 +0.47 +0.41

Destruction MPD. As a check, for NS, H, IH and MPD,
the uptrends were removed and MESA was redonénéor t
de-trended series. For NS, the 80-year periodstfiijted

to ~70 years, and an additional one appeared aye&G.
For H and MPD also, the periodicities at 83 andy&ars
shifted to ~70 years. For IH, the 63-year peridgici
shifted to 60. Thus, these large periodicities ne@d
years seem to be genuine and illustrate the mettadal
nature of Atlantic hurricane activity mentioned by
Kimberlain and Elsner (1998) and Landssaal (1999).
Kane and Teixeira (1990) had subjected the annganm
surface temperature series for land masses anih sha
northern and southern hemisphere for 1850-1990EMM
and obtained, besides a long-term global warmiegcrof
0.12-0.56° Clcentury, significant periodicities &t6,
10-11, 15, 20, 28-32, 55-60, 64-69, and 78-80 y&zome
of these (including the long-term up trends, qatilrely)
match remarkably well with the trends and multi-afdsl
periodicities of the Atlantic storm indices mentah
above, and a cause-effect relationship could elxisidsea
et al. (1999) mention that much of the multi-decadal
hurricane activity can be linked to the Atlantic Kitu
decadal Made — an empirical orthogonal functioniepat
derived from a global sea surface temperature deeord
hint that such linkages may allow for prediction of
Atlantic hurricane activity on a multi-decadal seal
However, a word of caution is necessary. The |argads
shown in Fig. 3(c) are partly due to the low valdesing
1900-30. These values are suspect as underestichates

4.3. Comparison with spectra and predictions
reported by other workers

4.3.1. Long-term forecasting from extrapolated
spectral components (MEM-MRA)

Only the periodicities obtained for 1950-83 as show
in Fig. 2 were used for predicting further valu€able 2
lists the significant periodicities observed in gstorm
indices, which were used for reconstruction of seeies
1950-83 and for prediction for values for 1984 oruga
As can be seen, the correlation coefficients aasarably
high (+0.6 or more) for the dependent data (1950383
pairs of observed and expected values), indicatiagthe
selected periodicities give a reasonably goodHfitwever,
for the independent data (1984-98, 15 pairs of mesk
and expected valuedhe correlation coefficients are low
(occasionally even negative), indicating poor pegdns,
even when only periodicities with asterisk (*) arsed.
Thus, the various periodicities seem to be tramsien
changing amplitudes with time and hence not vesfuls
for long-term predictions, when extrapolated outl®
years.

The various indices may have their own
characteristics different from each other, but eheright
be some characteristics common to all. These caebe
in the Net Tropical Cyclone Activity (NTC), whicls i
obtained as a mean of the percentages of the &ng-t

to inadequacy of observing platforms. In that cdbe, (1950-90) averages of the six parameters NS, NSD, H
trends could be erroneous overestimates, and thedme HD, IH, IHD. The NTC series was subjected to MEM-
activities may not have increased so much in realit MRA and yielded several-periodicities. For 1950-8%



KANE : SPECTRAL CHARACTERISTICS OF ATLANTIC SEASON. STORM FREQUENCY 605

periodicities were: 4.97, 2.68, 2.91, 2.42, 3.444] and (iii) Storm indices have peaks at 8-9, 11-12, 14-1Bsyea
6.29 years, in decreasing order of amplitudes; dhéy Elsneret al found 7-9 years (near decadal) in the BE
first three were significant above ac2level. The  component only and also a solar activity effect-110
correlation coefficients for NTC are given at thattbm of year periodicity) in the BE component.
Table 2. The results are not very encouraging.
Elsneret al. (1999) suggests that some periodicities
4.3.2. Short-term forecasting from extrapolated like 7.4 years could be due to frequency-modulated
spectral components (MEM-MRA) sidebands of the 11-year and 22-year solar cycles.
However, another interesting possibility mentioreut
Whereas the predictions for long periods of 15 year explored by Elsneret al, is that of association with
are not satisfactory, those for shorter period @onthree  Atlantic parameters (SST and pressure and windd)el
years ahead) could be satisfactory. To check this, = which have decadal peaks (also shown by Kane, 1997,
predicted and observed values and their percentag&imberlain and Elsner, 1998; Mehta, 1998; Kane, 00
difference for each index for 1984, 1985 and 1986, These seem to be associated with rainfall in NEziBeand
obtained in the present MEM-MRA scheme by may affect Atlantic hurricane indices also, prolyabl
extrapolating spectral peaks for 1950-83, were @regh differently for different indices.
It was observed that, even for 1984 (the first petelent

year), the percentage differences were very large, 4.3.4. Predictions
indicating that the forecasts could be largelyrime The
analysis was redone to predict 1985 from 1950-84,da Using the 3 dominant reconstructed components in

1986 from 1950-85 datae., forecast only for one year the de-trended record of North Atlantic hurricamgiéty
ahead. The forecasts were similar and equallyas described in Elsnet al. (1999), Elsnelet al. (1998)
unsatisfactory, mainly because the spectral cheriatits designed an empirical prediction algorithm to exzarthe

for 1950-83 did not change much by adding a yedwor potential for useful multi-season forecasts comgpaiée

to the analysed data. predictions do not seem to be very good in recemairs/
(e.g, observed 10, predicted 3, in 1998). For Intense
Hurricanes (IH), Elsner (1998) reported that theedasts
were excellent for 1993, 1997, good for 1994, 1988,

Following the works of Shapiro (1982) who showed for 1998, and poor for 1996.
from data for 1899-1978 that hurricane activity was
indeed modulated on the quasi-biennial scale, dwed t
work of Gray (1984a) who showed correlations wittht
QBO in 30 hPa wind and ENSO (El Nifio/Southern , )
Oscillation), Elsneret al (1999) used the sophisticated As  Atlantic hurncanes_ cause severe damage_s,
SSA-MEM (Singular spectrum analysis combined with attémpts have been made since long to link these wi
Maximum Entropy Method) to analyse the hurricane |2rge-scale Atlantic wind and pressure field pate(Ding
activity annual record of 1886-1996 (111 yearse Three ~ and Reiter, 1983); but the correlations are ralierand
dominant reconstructed components of the de—trende&"“’e proved only marginally beneficial for seasonal
record obtained by SSA were subjected to MEM and forecasting. Presently, the scheme is very elabpeing

showed peaks at 2.5, 5.6 and 7.4 years. The deltaléd 16 predictive parameters including stratosphericidwi
the earlier unreliable interval before 1950, bt tsults ~ QBO, Gulf of Guinea and West Sahel rainfalls, Recif

are probably valid for all intervals. In the MEM esgira and Atlantic sea surface temperatures, sea leeskpres,

described in the present paper, the extra infoomati zonal winds in several regions etc. Nine storm paters
missed by Elsnest al (1999) is as follows : (NS, NSD, H, HD, IH, IHD, NTC, HDP, MPD) are

forecasted and for each parameter, only some ofléhe

() The 50 hPa wind QBO periodicity is different from Predictive parameters are used.
the QBO periodicities of hurricane indices and ENSO

Elsner et al found only 2.5 years, because of the Gray et al (1998) have given the verification of all
smoothing involved in SSA-MEM. past forecasts for 1984-98, and the correlatioesvary

good (exceeding 0.75) for NS, HSD, NTC only. The
(i) Hurricane indices have a QTO at 3.5 years, sirdla  correlation is lowest (0.53) for Hurricane days (HD
ENSO. Elsneet al.do not mention this. Hurricane indices Thus, not all indices are predicted satisfactorily.
have peaks at 4.5 - 5.5 years also. ENSO also kaersy

peak at 4.5 years. Elsnerral found only 5.5 years for the Landseaet al (1999) have discussed in detail the
hurricane index, again because of smoothing. year-to-year variations of the Atlantic storm ireBcand

4.3.3. Spectral analysis

4.3.5. Short-term forecasting based on relationships
with El Nifio events, wind QBO etc



606

mention that the physical relationships between BNS
QBO, Caribbean SLP, African rainfall, and Atlan8&Ts
are responsible for much of the observed changds an
periodicities (including decadal) in Atlantic trapl storm
activity and hurricane-related damages. Howevespime

MAUSAMY, 4 (October 2006)

with correlations near zero, except in two casesrelthe
correlation reached +(0.400.14). The prediction method
of Elsneret al (1998) based on SSA-MEM gives better
predictions (correlation ~0.5, variance explainezb%)
than MEM-MRA, but still with large errors. For exals,

years, the predictions based on these parameters afin 1998, observed hurricanes were 10 while the ones

unsatisfactory.

5. Conclusions and discussion

The time series of the various indices of Atlantic
storm activity for 1900-2000 were subjected to sgéc
analysis by MEM-MRA (Maximum  Entropy
Method/Multiple Regression Analysis). The following
was noted :

(i) All indices showed peaks in the QBO, QTO (Quasi-
Biennial and Quasi-Triennial, 2-3 year and 3-4 year
regions) and higher periodicities, including dedada

(i) The data were divided into two portions, 1900-49
(unreliable) and 1950-2000 (reliable). For data 18560
onwards, only data for 1950-83 were used as depénde
data for spectral analysis, using the rest (198202@&s
independent data for checking predictions.

(iii) Inthe 1950-83 data, several highly significaatiqve
a 2 level) peaks were seen. In the QBO region, storm
indices had peaks near 2.40 years and 2.85 ye@rs. T

50 hPa wind had peaks near 2.40 years, while ENSO

indices (Southern Oscillation Index Tahiti minusr®an
pressure difference T-D, and central Pacific SS&j h
peaks near 2.40 and 2.85 years.

(iv) Inthe QTO region, storm indices had a peak B&ar
years, matching with a similar, strong peak in EN$@e

storm indices had prominent peaks in the 4.5 -yeér

range, which may be the same as the strong 4.5pgzdk
in ENSO.

(v) Peaks near 8-9 years, 11-12 years and 14-1% year

were seen in some storm indices. The 50 hPa widdaha
small peak at 15.6 years, while ENSO had peaks4at 7
years and 12-14 years.

(vi) The indices NS, H and MPD showed large linear
trends, ~50% increase in 90 years. Also, periddiitvere
seen in all indices in the multi-decadal ranges32840,
50-53, 61-63, ~70 and ~80 years, but different for
different indices. These compared well with simjaaks

in global land and sea surface temperatures.

(vii) When the significant peaks obtained by MEM-MRA
were used for reconstruction, the fit was reasgngbbd
(correlations ~+0.6) for the dependent data (1950-But
for the independent data, the matching was veryr,poo

predicted by SSA-MEM were 3. Professor William M.
Gray leads a team of hurricane forecasters at the
Department of Atmospheric Science, Colorado State
University, Fort Collins, CO, 80523, USA. This teduas

a forecast scheme, which uses parameters like ENSO,
surface pressure and winds etc. in a regressioatiequ
and gives forecast with an antecedence of a fewtimson
The forecasts turned out to be reasonably gooti®and

H, with correlations exceeding +0.60 for the indegent
data (1984-98). For other indices, forecasts wereso

good

Forecasting hurricane activity is a hazardous taek.
quote Grayet al (1999), "These forecasts are based on the
premise that trends in global environmental coodii
which preceded comparatively active or inactivericane
seasons in the past provide meaningful informagibout
trends in future seasons as well. It is importduait the
reader appreciate that these seasonal forecastsases
on statistical schemes which, owing to their irgigally
probabilistic nature, will fail in some years. Moker,
these forecasts do not explicitly predict specificashere
within the Atlantic basin, storms will strike. Lafiadl
probability estimates for any one location along toast
are very low and reflect the fact that in any orasen,
most US coastal areas will not feel the effectsaof
hurricane no matter how active an individual season
And, it must be emphasized, that a low probabilibes
not insure that a hurricane will not come ashore”.

Like the Atlantic basin, the Indian Ocean also has
storm activity (cyclones). Singét al. (2000) studied the
frequency of tropical cyclones over the North Imdia
Ocean during the 122 year interval 1877-1998. They
report increasing trends in the cyclone frequenagr dhe
Bay of Bengal during November and May (main cyclone
months) but decreasing trends during June and Bbpte
(transitional monsoon months), and no significaehds
in the Arabian Sea. A spectral analysis showedith#te
Bay of Bengal, there was a periodicity of 29 yaarMay
and 44 years in November, besides an ENSO sigral (2
years). Over the Arabian Sea, significant peridigisi of
13 and 10 years were observed during May-June and
November, respectively.
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