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Counting Atlantic Tropical
Cyclones Back to 1900

Chmate varishilits and any resultisng
clhange i the charactenstics of trapicat
cyclones (lropicat storns, subtropical storms,
and hurricanes) have become topics of greag
interest and research within the past 2 vears
{leternational Workshopr on Tropteat Cvddones,
2006). An emerging focus is how the frequetey
of tropical cycknies has changed over timee
atud whether any changes could be linked to
anathropogenic global warming,

The Atlantie s the ane tropical cyelone
trans that has quantitistive recrds back 16 the
pid-mueteenth century for the whole bsasin
(Le., Nosth Atlantic Ocean, Caribbean Sea,
and Gulf of Mexicor Vervinen et ol 1984;
Lanedsen et of  2000). Marn and Ersonuel
[2000:] usend this dista set to find 4 positive cor-
relation betweet seasusfued tetmperatures
and Atlamie bassi tropi yolote fresquency
for the period of 1871-2005. Likewise, Hollaond
and Webster 2007] analyzed Atlantic tropical
eyvlone freguency back to 1855 and found a
doubling of the number of tropical cyclones
anver the past 1K years Both papers limked
these changes directly to anthropogenic
greenhiouse warming. However. hoth analy-
ses, with no indication of uncertainty or erros
bars. presumed that fropical cyclone counts

et o e e cnpden for e s

basin going back n tme for al keast a century.

of zero o X trapical cvelones per year
between 15851 and 1885 and zero to four por
year hetween 1886 and 110, These under-
counts roughly take inte account the typi-

« of tropical cyclones, the density
of shipping tracks over the Atlantic basia,
and the amount of populated coastline.

As one goes back further in time, the num-
bers of ships and shipping lanes decreases
and fewer people tive in the tropical and
subtroprcal coastal regions. These factors
make it increasingly likely that some tropical
evelones would not be counted the farther
back i tinie examined

Consider the two most active Atlantic hur
ricane seasons on record (Figore [y 1933,
with 21 tropical cyelones, and 2005, with
28 On the basis of just those cyclonres that
struck fand, 1933 had more impacts (19)
than 2005 (17). The diiference in frequency
hetween these lwo years is that there are
many more tracks present over the open
Atlantic Ocean in 2005 than there were in
1433, Is this evidence of a significant under-
count in the historical recorc

Here a simple analysis demonstiates the
existence of a sizable bias in historical tropr-
cal eyclone counts. Figure 2o shows the

firie weries o tropn

pvelones wosna back

1o 1900, with both multdecadal variations

This anticle will show that this p n

ts ot reasonable and that improved monitor-
g b secent searns is responsible for most, if
not all. of the observed tend mincreasing fre-
fuendy of tropical cyelones.

Reunalvsis of Historical
Tropical Cyclone Counts

Mann and Emannel [2006, p. 238] stated
that “although wand estimates prior 1o the
19405 are problematic, detection of the exis-
tence of tropical cyclones is less so, because
withott aircraft and satellites to warn them
i, ships often encountered storms at sea,
at least periphesatly” Holland and Web-
ster [2007] likewise make similar argu-
ments. Their assumptions disregarded the
recommendations of the original database
documentation Yarvinen of al. . 1984] and
database extension and reanalysis docu-
mentation [Landsea ot al.. 2004) that tropi-
cal eyclones were missed before the mid-
twentieth century In particular, Landsea
etal [2004] estimated an undercoun bias

[Goldenberg et al, 2001 and a longterm
trend being readily apparent. The data are
stratified to indicate which tropical cyclones
struck land and which stayed over the open
weean. The former are detenmined by their
center vither crossing a coastline or passing
within 111 kiloneters (60 nautical mites) of
# landmass {either istand or mainfand) as a
tropicat cyclone,

The year 1900 is chusen as the first
in this analysis. It is at abouwt that time
that a sufficient number of people lived
along the coastline, such that if even a
weak tropical storm struck it would likely
have been detected and recorded. How-
ever. this beginning date of 1900 of having
recorded all tropical cyclones that have
struck land may be somewhat optimistic,
especially for short-lived. relatively weak
tropical storms. Consider the detection
difficulties of a 1-day tropical cyclone such
as Gert, which struck Mexico in 2005 in
a sparsely population region of the coast
and produced no observed surface tropi-
cal storm force winds, caused minimal
impact, and was only identitied as being
a tropical cyclone via satellite imagery
amd aircraft reconnaissance. Theretore,
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Fig. 1. Tiack maps of the Atlantic harvicane seasons of 2003 and 1933, the o busiest hurricane
years on record for ropical cvclone frequency The civcles highlight large differences i actiriy

that occurred over the open Atlantic Ocean

conclusions from this paper on the num-
ber of ‘missed’ tropical cyclones are likely
conservative.

The buear correlation coefficiem between
the frequency ol ali tropical storms and
those that struck land is a very high 087 for
1900-2006. This value might be somewhat
surprising given that some years can be
quite active vet places such as the continen-
tal United States can be refatively untouched
(such as what occurred in 2000 and 2001
or seasons that are quiet can have large
US. impacts (such as 1992 with Hurricane
Andrew). The likely reason for such a strong
association between the trequency of all
tropical cyclones and those that strike fand
is that taking into consideration afl land-
masses {i.e.. Mexico, Central America, the
Caribbean islands, Bermuda, Canada. and
the Azores) in addition to the continental
United States makes it much more likely that
overalt busy years will have many landfalls
and quiet seasons generatly will have fewer
tropical cyclone strikes oa land.

However, differentiating between the {re-
quency of tropical cyclones that struck land
versus those that remained over the open
acean stk hat more of the latter were
ubserved in recent decades compared with
earlier in the twentieth century (Figure 2a).
Figure 2b shows the tropical cyclone data
expressed as an annual percentage that
make landfall. In the era since geostation-

ary satellite imagery began, in 1966 [New-
mann et al., ¥4, the average is 5. While
sizable interannual variations are present,
this i of slabely o than Tadf is quite
stabie across the four decades of satellite
coverage inchrding periods of both active
turticane seasons (82°% from 1995 onwarrd )
aned a quiet hurricane regime (397 from
1971 1o 1904). This value is even steady
within the active era between seasons with
numerous U.S. landfalling cyelones in 2004
and 2005 (651} and refative lack of strikes
in the Umited States hetween 1995 and 2003
(60%). Again, it is fikely that the inclusion
of tropical cyclones to make landfall in any
landmass—in addition to those that just hit
the continental United States—mintimizes
the long-term variability of the percent that
strike land caused by genesis location and
steering pattern changes.

However, data from the first 66 yeurs,
shown in Figure 2b. have a quite different
fong-tern character, with an average of 75
of tropical cyclones striking fand. While
there were no years with iore than 80%
striking fand from 1966 onward, there were
15 years between 1900 and 1965 in which
all (100%) recorded tropical cvclones struck
fand that season. This difference in the long-
term percentage of tropical cyclones that
struck land (752 from FIO-1965 versus

Tropical Cyclones oul . page X2

New Borehole Strain System
Detects Uplift at Campi Flegrei

Campi Flegret and Mount Vesuvius are
active ltalian volcanoes though presently in
a quiescent stage. The last eraption of Mount
Vesuvius occurred during the spring of 1944
Camnpai Flegred last erupted in 1538 but expe-
rienced a subsidence trend from the early
19005 to 1970, which wis tollowed by epic
sondes of ground uplift accompanied by scis-
nic swarms [see, e.g. Asier et ol 1992).

Over the past 37 vears at Campi Flegrei,
abont § meters of maximuom ground uplift

By R S, A Avort s L CrescesTing
P Reataso, WDE Craare, M MaRTING G, Scasian,
AT LD, AND S Sacks

has aceurred followed by about 1 meter of
subsidence, as measured near the center of
the caldera in two episodes during 1970~
1972 and 1982-1984. This deformation has
nccurred close to the harbor of the town of
Pozzuoli, pastting about 400,000 people at
heightened risk. From 1985 10 2004, Campi
Flegrei's caldera showed gradual subsid-
enee that was interrupted by five mini-uplift
episodes in 1976, 1989, 19495, 2000, and,
most recently, 2004-2006, each amounting
to a few centimeters of uplift [Piague o1 al.,
2006]. The caldera is generally aseismic dur-
ing graduat subsidence, but smalf swarms
of microearthquakes are produced during
penods of elevated strain rates associated

with the miniuplifl episaxdes [Succorotti et al .
206).

These two potentially explosive volcanic
systems pose a high risk due to the dense
urban population of the Naples metropoh-
tan area where more than 1 million people
live within casy reach of either Mount Vesu-
vius or Campi Flegrei caldera. A new proj-
ect named Dilatorneters Neapolitan Volea-
noes (DINEVI—a collaboration involving
the Usiiversity of Salerno (UNISA: lialy),
Osservatorio Vesuvianae-Istituto Nazionale
di Geofisica e Vulcanologia (OV-INGV; ltaly),
and the Department of Teerestrial Magne:
tism | DTM) of the Carnegie histitution (C1)
of Washington (United States)—has been
designed to complement already existing
seismic amd geadetic instrumentation in the
dangerous Campi Flegrei-Vesuvius voleanic
region. The project is intended to improve
the geophysical moitoring system through
the installation of a simall network of bore-

hale dilatometers to measure ground defor-
wation and three-compaonent borehole
broadband scismometers (Figire 1)

The New Monitoring Netiwork

Since 2004, a network of six borehole
Sacks-Evertson strabnmeters (dilatometers)
has been installed in the Mount Vesuvios
and Campi Flegred region, at depths ranging
from 120 to 200 meters. These instruments
are provided with air pressure transduc:
ers to remove barometric pressure. which
influences the ground deformation. Data
are displayed at and can be retrieved from
the project Web site (https/plinio.ovingy.
itidilatometri),

Nominal resolution of the Sacks-Fyert-
son strainmetes, the type used to monitor
changes in seismic stress and strain af the
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Campi Flegrei

cont trom page 197

Campi Flegrer-Yesuvius volcanic region,

s about 10 strain unats, and the nomi-

wal dviamme range s 10 V=10 % The nom-
aal sensativity is confinmed by comparnison
with salid Earth tides for the Campn Flegrei
dilatometers. The signals are continuously
recorded and sampled ot W0 bertz, Six
channeds of 28-bit data logger Kinemetrics
Quanterra Q330 and PBI, buffering up to
20 agabstes of data in MSEED packets, are
used s dita v quesiton systemms. Signals
fronn the network are archived at two differ
ent data acquisition centers, connposead of
high-capacity storage tits {Hewlett Pack
arch MEA 1500 2 TTB s throngh ADSIL tel
ephionic hnes aflowing abuost real-time
data aceess, Real-time signtal processing is
done with a claster of Hewlett Packard Pro-
Hant DEID compnters consisting of fifteen
R 1-GlHz dual processors with 3 gigabyies of
RAM each, working with paraliel Red Hat
Linux software.

Borehole stattons are separated by several
Kilometers, and the network covers critical
distances froim the crustal magma bodies
beneath the Campi Flegrel and Vesuvius vol-
canoes. Anadditional 11 borchole seismom-
cters and five surface broadband seismom-
cters ire being installed; this project will
be completed in Decembur 2007 in comple-
ment with the DINEV retwork

All drilling operations required for the
mstallation of the borchote equipment
were carried out by Geotesting SRL. Drilling
comnenced in Aprit 2004 at the Quarto
{labeled QUAR in Figure 1) site and con-
tinued through July 2004 when drilling at
Toiano (labeled TOIA in Figure 1) stopped.
During drifling operations, PQ (=12 centi-
meters in diameter) and HQ (<10 centi-
mreters) diamond-coring equipment was
used. Where unstable fractured rock has
been encounteted, the fractures were
sealed using concrete grout. Dilatometers
were installed in sequence (Quarto, Mon-
teruscetlo (labeled MRUS in Figure 1), and
Toiano) while the drilling equipment was
on site: seismometers were instatled later.
Data acquisition began inmediately after
the stratnmeters were grouted. Strain-
meter electronies, the datalogger. and bat-
tery arrays for backup power are housed
inside local schools with a GPS antenna
fucited on the root

Early Kesults and Evaluations
of Futture Hazands

When there are changes in the state of a
Iagmatic reservoir, stranumeter data can
provide direct infornmation on the structure
of the conduit, the physical properties of
magma, and the dynamics of magma trans.
port. Borehole strainmeters have been used
araund the world to obtain these observa-
nons fsee. e.g, Ishihara, 1988 Linde et ol
193 Linde and Sacks. | Fukao et al,
1908; Mattiol ot al . 2003 Voght et al., 2006}
and have shown very clear deformation sig-
nals related to eruptions with a seunsitivity
much greater than that of GPS. These types
of observations have supported modeling of
the detaits of magma transpont.

Three of the borehole stations were
mstalted in the Campi Flegrei area at dis.
tances ranging from 3 1o 8 kilometers from
the center of caldera uplift at the harbor of
Pozzuoli. An additional three stations were
wstatled near Mount Vesuvius, and a sev-
enth (CHIA, Figure 1) is planned for instala-
tiom during 2007 This network of borehole
strainmeters and broadband seismome-
ters will contribute to the knowledge of the
magina feeding system, allowing sampling
of seismic and deformation signals from the
deep transport, storage, and recharge sys-
tems. The network will constitute high-sen-
sitivity short- and middieterm instrement
commbination with potential for eruption
forecasting.

‘The main goal of DINEV is to improve
estimates at Campi Flegret of the depth of
the pressure source in case of unrest and
possibly detect grotmd deformation accom-
panying small pressure varniations dae to
wcreased bubble formation, hydrothesmal
tluid motions, and/or magmatic ascent in
the: pre-unrest stage. The high sampling dre-
quencies of the installed strainmeters are
valuable for identifying the possible occur-
rence of long-period (LP) or very long
period (VLP) volcanic carthquakes, which
have impaortant implications for mass trans-
port in the volcame system. After its installa-
tion, the network detected the most recent
uplift i Campi Flegres, which started in
November 2004 and included two episodes

as of present (+116 o +1.6 millimetens per
month in 2004 and +2.3 to +3.1 millimeters
per month in 2005, as revealed by GPS data
[Prngue ot al.. 2006}). Uphift stopped in Jaous-
ary 2007,

The tme series of the strainmeter sig:
nals. starting from the installation, shaw
overall stable trends, without significant
octuations at timescales ranging from
divs 10 weeks (Figure 21 Data recorded
duiring the first few months are heavily
affected by srais associated with curing
cement after installation of the cquipent
Data interruptions in the first months of
operations were due to same problems in
the etectronics (hattery charger, data log-
wer et ), manly at the Qarto and Monter-
uscetlo sites

Strain recunds at Toano station, which
has the strongest signals and is the closest
(iabout 3 kilometers) 1o the center of uphft.
show some stope changes (10" steain units
per week that may be related 1o mini-uplift
episodes. Changes in strain rates occurred
in October 2004 and May 2005 and pre-
ceded the two seismic swarms in March
and October 2005 by about 4 months each,
consistent with observations of the 1982-
1984 significant uplift and the more recent
mini-uplift episodes. Another seismic
swarm occeurred during October 2006 and
was lolflowed by an increase in strain shini-
far 10 that observed at Mopteruscello dur-
ing late June (Tolano was not recording at
that time).

intriguing temperature changes are asso-
ciated with these stain rate changes at
Toiano. Ambient temperature at the strain-
meter depth {(~120 meters) is very high,
close to 60°C, presumably due o influ-
ences of the hydrothermal system. Numer-
ous studies [see, .4 Battaglia et al., 2006,
and references therein} have suggested
that fluid flow is an integral component of
1he mechanism for repeated episodes of
uplift and subsidence in the Campi Flegrei
region.

At Toiano, temperature increased at a rate
of about 0.015°C per month over about 10
days. Thermal fluctuations at Quano and
Monteruscello are lower by atmost 2 orders
of magnitude These changes provide the
potential for novel insight into the source
processes.

Work progresses on interpretation of
observations and madeling of source
mechanismis, The strain and GPS data
appear to be consistent with increasing
pressure in a source centered under the
uplift peak together with a second shal-
lower source located not too distant from
Toiano. The temperature increase and
the strain changes at Toiano are likely to
be direct evidence for magma-chamber-
induced fluid migration.

In summary, the network has detected
changes that appear 1o be related to a pro-
cess originating a new cycle of mini-uplift
of the Campi Flegrei voleanic ares. Model-
ing the source or sources responsihile for
present unrest episudes progresses and js
answering the still open question abowt
whether there is a magmatic and/or hydro-
thermal source causing the Campi Flegrei
ground deformations and microgravi-
metric changes. Answering this question
should aid bazard assessment at Campi
Flogrei.
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