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ABSTRACT

The very limited instrumental record makes extensive analyses of the natural variability of global tropical cyclone
activitiesdifficult in most of thetropical cyclone basins. However, in the two regions where reasonably reliable records
exist (the North Atlantic and the western North Pacific), substantial multidecadal variability (particularly for intense At-
lantic hurricanes) isfound, but there is no clear evidence of long-term trends. Efforts have been initiated to use geol ogi-
cal and geomorphological records and anaysis of oxygen isotoperatiosin rainfal recorded in cave stalactitesto establish a
paleoclimate of tropical cyclones, but these have not yet produced definitive results. Recent thermodynamical estima-
tion of the maximum potential intensities (MPI) of tropical cyclones shows good agreement with observations.

Although there are some uncertaintiesin these MPI approaches, such astheir sensitivity to variations in parameters
and failure to include some potentially important interactions such as ocean spray feedbacks, the response of upper-
oceanic thermal structure, and eye and eyewall dynamics, they do appear to be an objective tool with which to predict
present and future maxima of tropical cyclone intensity. Recent studies indicate the MPI of cyclones will remain the
same or undergo amodest increase of up to 10%—20%. These predicted changes are small compared with the observed
natura variationsand fall within the uncertainty rangein current studies. Furthermore, the known omissions (ocean spray,
momentum restriction, and possibly also surface to 300-hPa lapse rate changes) could all operate to mitigate the pre-
dicted intensification.

A strong caveat must be placed on analysis of results from current GCM simulations of the “tropical-cyclone-like”
vortices. Their realism, and hence prediction skill (and also that of “embedded” mesoscale models), isgreatly limited by
the coarse resolution of current GCMs and the failure to capture environmental factors that govern cyclone intensity.
Little, therefore, can be said about the potential changes of the distribution of intensities as opposed to maximum achievable
intensity. Current knowledge and available techniques are too rudimentary for quantitative indications of potential changes
in tropical cyclone frequency.

The broad geographic regions of cyclogenesis and therefore also the regions affected by tropical cyclones are not
expected to change significantly. It is emphasized that the popular belief that the region of cyclogenesis will expand
with the 26°C SST isotherm is a fallacy. The very modest available evidence points to an expectation of little or no
change in global frequency. Regional and local frequencies could change substantially in either direction, because of
the dependence of cyclone genesis and track on other phenomena (e.g., ENSO) that are not yet predictable. Greatly
improved skills from coupled global ocean—atmosphere models are required before improved predictions are possible.
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1. Introduction

a. Tropical cyclones

Tropical cyclonesare perhapsthe most devastating
of natural disasters both because of theloss of human
lifethey cause and thelarge economic lossesthey in-
duce (Anthes 1982; Gray and Landsea 1992; Gray et
al. 1993, 1994; Tonkin et al. 1997; Diaz and Pulwarty
1997). Vulnerahility totropical cyclonesisbecoming
more pronounced because the fastest population
growth isin tropical coastal regions. Understanding
tropical cyclonegenesis, development, and associated
characteristic features has been achall enging subject
in meteorology over thelast severa decades. In recent
years, attempts to associate tropical cyclone trends
with climate change resulting from greenhouse warm-
ing hasled to additional attention being paid to tropi-
cal cyclone prediction (e.g., Emanuel 1987; Evans
1992; Lighthill et a. 1994). Exploring possible changes
in tropical cyclone activity dueto globa warmingis
not only of theoretical but also of practical importance.

A tropical cyclone (TC) is the generic term for a
nonfrontal synoptic-scale low pressure system origi-
nating over tropical or subtropical waters with orga-
nized convection and definite cyclonic surface wind
circulation. Tropical cyclones with maximum sus-
tained surface winds of lessthan 17 m s are gener-
ally called “tropical depressions.” Once atropical cy-
clone achieves surface wind strengths of at least 17
m stitistypicaly caleda“tropical storm” or “tropi-
cal cyclone’ and assigned aname. If the surfacewinds
reach 33 m s, the storm is called a “typhoon” (the
northwest Pacific Ocean), a “hurricane” (the North
Atlantic Ocean and the northeast Pacific Ocean), or a
“severetropical cyclone” (the southwest Pacific Ocean
and southeast Indian Ocean) (Neumann 1993).

Tropical cyclones derive energy primarily from
evaporation from the ocean and the associated conden-
sation in convective clouds concentrated near their
center (Holland 1993), as compared to midlatitude
storms that primarily obtain energy from horizontal
temperature gradientsin the atmosphere. Additionaly,
tropical cyclonesare characterized by a“warm core”
(relatively warmer than the environment at the same
pressure level) in the troposphere. The greatest tem-
perature anomaly generally occursin the upper tropo-
sphere around 250 hPa. It is this unique warm-core
structurewithin atropical cyclonethat producesvery
strong winds near the surface and causes damage to
coastal regions and islands through extreme wind,
storm surge, and wave action.
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Tropical cyclonesoccur predominantly over tropi-
cal oceans where observed meteorological data are
scarce. In addition, the destructive nature of tropical
cyclonesmakestheir observations difficult and expen-
sive. Reconnaissance aircraft, satellite observations,
radar observations, rawindsonde observations, and
conventional surface observations are used in moni-
toring tropical cyclone frequency and intensity. The
best method of observing atropical cycloneisby di-
rect observationsfrom reconnai ssance aircraft, particu-
larly for monitoring location and intensity. Satellite
data, although extremely useful and widely used, are
not a complete substitute for reconnaissance aircraft
observations because of the difficulties involved in
tranglating radiances into required parameters. The
Dvorak technique (Dvorak 1984) in combination with
spiral overlaysand subjective interpretationsis com-
monly applied to estimate the location and intensity
of tropical cyclonesfrom satelliteimagery. However,
there may be large errorsif these estimates are made
from the satellite observations alone, and calibration
procedures based on aircraft reconnai ssance have so
far only occurred for the North Atlantic and western
North Pacific. The uncertainties associated with the
satellite imagery analysis are discussed in detail by
Holland (1993). Unfortunately, the high cost of recon-
naissance aircraft means that such observations are
now routinely available only in the North Atlantic
Ocean.

Each year approximately 80-90 tropical cyclones
reaching tropical storm intensity occur around the
globe (Gray 1979; Anthes 1982; Frank 1987; McBride
1995) with about two-thirds of these reaching hurri-
cane intensity. The earlier statistics are updated to
1995in Table 1. Theglobally averaged annual varia-
tion of cyclone occurrence is only about 10%. Re-
gional variationsare much larger, often around 30%,
and no obvious correlations exist in variations be-
tween different regions (Raper 1993). For instance, in
the Australian—southwest Pacific region, the average
number of tropical cyclones observed during 1950—
86 was 14.8, with an annual variation of 40% (Evans
1990). Aspointed out by Holland (1981), the quality
of thetropical cyclone databases can be highly vari-
able. Different definitions, techniques, and observa-
tional approaches may produce errors and biasesin
these datasets that could have implications for the
study of the natural variation of tropical cyclone ac-
tivities and the detection of possible historical trends
(e.g., Nichollset al. 1998, manuscript submitted to J.
Climate).
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TasLE 1. Averaged annual total numbers of tropical cyclones (wind at least 17 m s?) and intense tropical cyclones (wind at least
33ms?) andtheir standard deviations over al tropical cyclone basins (unit: number per year). Dataare retrieved from National Climate

Data Center GTECCA dataset for the period 1970-95.

North East North South- South- West

Atlantic North Indian west west North

Basin Pacific Basin Indian Pacific Pacific

Basin Basin Basin Basin Totals

Mean TC 9.3 17.8 5.2 10.6 16.4 26.8 86.1
Intense TC 5.0 10.3 2.0 4.8 75 16.4 459
Std TC 2.6 4.7 2.2 3.2 4.6 3.9 7.9
Intense TC 1.7 35 1.9 2.6 2.6 3.4 7.0

Note: Totals = global total numbers.

Gray (1968, 1975) produced a global map of gen-
esispointsfor all tropical cyclonesover the 20-yr pe-
riod 1952—71. Preferred regions of tropical cyclone
formation includethewestern Atlantic, eastern Pacific,
western North Pacific, north Indian Ocean, south In-
dian Ocean, and Australian—southwest Pacific. M ost
of the cyclones (87%) formed between 20°N and 20°S.
About two-thirds of al tropical cyclonesform in the
Northern Hemisphere, and the number of tropical cy-
clones occurring in the Eastern Hemisphere is about
twice that in the Western Hemisphere. These differ-
ences are partially due to the absence of tropical cy-
clones in the South Atlantic and the eastern South
Pacific during the 20-yr period study.

Tropical cyclones are seasonal phenomena: most
tropical ocean basins have a maximum frequency of
cyclone formation during the late summer to early
autumn period. Thisis associated with the period of
maximum sea surface temperature (SST), although
other factors, such as the seasonal variation of the
monsoon trough location, are also important (Frank
1987; McBride 1995). In the Australian region, the
tropical cyclone season typicaly extends from No-
vember to May with maximum cyclone activity in
January and February (e.g., Holland 1984a,b; Holland
et al. 1988; Evans 1990). The storm season in the
North Atlantic becomes highly active during August—
October, with amaximum frequency of occurrencein
September (Neumann et al. 1985). The averagetropi-
cal cyclone occurrence over the western North Pacific
is about 26 per year, with amaximum cyclone activ-
ity in August and ahighly seasonal variation. Thistotal
is more than in any other region (Xue and Neumann
1984), and thisis also the only region where tropical
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cyclogenesis has been observed in all months of the
year. The western North Pacific is particularly noted
for the occurrence of very large and very intensetropi-
cal storms (Frank 1987; McBride 1995). Indeed, the
12 lowest central pressuresin the global record have
been observed for thetropical cyclonesinthewestern
North Pacific (Holland 1993).

Thefavorablelocationsfor tropical cyclonegenesis
areinor just poleward of theintertropical convergence
zone (ITCZ) or amonsoon trough (Gray 1968). The
ITCZ isgenerally located near the monsoon shear line
between low-level equatorial westerlies and easterly
trades. Thedisturbances embedded in the easterly trade
wind flow are a so conduciveto the formation of tropi-
cal cyclones (Frank 1987).

Thephysical parametersfavorablefor cyclogenesis
have been summarized by Gray (1968, 1975, 1979,
1981). Hefound that the climatol ogical frequency of
tropical cyclone genesisisrelated to six environmen-
tal factors: (i) large values of low-level relative vor-
ticity, (ii) Coriolis parameter (at least afew degrees
poleward of the equator), (iii) weak vertical shear of
the horizontal winds, (iv) high SSTsexceeding 26°C
and a deep thermocline, (v) conditional instability
through a deep atmospheric layer, and (vi) large val-
ues of relative humidity in the lower and middletro-
posphere.

Although the above six parametersare not sufficient
conditionsfor cyclogenesis, Gray (1975, 1981) argued
that tropical cycloneformation will be most frequent
in the regions and seasons when the product of the six
genesis parameters is a maximum. Gray defined the
product of (i), (ii), and (iii) as the dynamic potential
for cyclone devel opment, and the product of (iv), (v),
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and (vi) may be taken as the thermodynamic poten-
tial. He derived the seasonal genesis parameter from
these six parameters (Gray 1975).

b. Tropical cyclonesand climate change

The Intergovernmental Panel on Climate Change
(IPCC) “Impacts, Adaptation and Mitigation of Cli-
mate Change” report (Watson et al. 1996) stated that

Reinsurers have noted afourfold increasein di-
sasters since the 1960s. Thisis not due merely
to better recording, because the major disas-
ters—which account for 90% of the lossesand
would always be recorded—haveincreased just
asquickly. Much of theriseis dueto socioeco-
nomic factors, but many insurers feel that the
frequency of extreme eventsalso hasincreased.
(p. 547)

It also stated that

Insurers had at least one“billion dollar” storm
event every year from 1987 to 1993. With such
an unexpectedly high frequency, some local
insurance companies collapsed, and the inter-
national reinsurance market went into shock.
(p. 547)

ThisIPCC report went on to note that

Traditionally, insurers have dealt with changes
inrisk infour ways: restricting coverage so that
the balance of risk-sharing shifts toward the
insured; transferring risk; physical risk man-
agement (before and after the event); or raising
premiums. However, in view of theincreasing
costs of weather claims, insurers now are con-
sidering amorefundamental approach. . . . Lack
of information about extreme events hampers
such activity and makesinsurerswary of com-
mitting their capital. (p. 548)

At the same time, the IPCC “Science of Climate
Change” report (Houghton et al. 1996) stated that

the-state-of-the-science [tropical cyclonesimu-
lationsin greenhouse conditions] remains poor
because (i) tropical cyclones cannot be ad-
equately simulated in present GCMs; (ii) some
aspects of ENSO are not well simulated in
GCMs; (iii) other large-scale changes in the
atmospheric general circulation which could
affect tropical cyclones cannot yet be dis-
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counted; and (iv) natural variability of tropical
stormsisvery large, so small trends are likely
to belost in the noise. (p. 334)

and

In conclusion, it is not possible to say whether
the frequency, area of occurrence, time of oc-
currence, mean intensity or maximum intensity
of tropical cycloneswill change. (p. 334)

Research effortsfocused on assessing the potential
for changesin tropical cyclone activity in the green-
house-warmed climate have progressed since those
that were the basis of this IPCC assessment (them-
selves undertaken in 1994 and early 1995). This pa-
per synthesizestheinput from the members of asteer-
ing committee of the World Meteorological Organi-
zation Commission for Atmospheric Sciencesand re-
flectsrecent experimental resultsin asummary of the
new findingsin thisfield.

This review should be read in the context of our
current situation with regard to tropical cyclone pre-
dictionsfor agreenhouse-warmed world.

1) WHAT DO WE KNow?

1) Tropical cyclones are currently devastatingly se-
vereweather events.

2) Human vulnerability to TCsisincreasing because
of increasing popul ations on tropical coasts.

3) Tropical cyclone formation and intensity change
are currently very difficult to predict.

4) Costsof TCimpactsareincreasing because of in-
creasing costsof infrastructure and increasing “re-
sponsibility” claimson private and public funds.

5) Thebalance of evidenceindicatesthat greenhouse
gas emissions are producing climate change
(Houghton et a. 1996).

6) Concern about possible future changesin tropical
cycloneactivity relatesto changesin (i) frequency
of accurrence, (ii) areaof occurrence, (iii) meanin-
tensity, (iv) maximum intensity, and (v) rain and
wind structure.

2) WHAT DO WE NOT KNOW?

1) How to predict TCstoday: genesis, maximum in-
tensity.

2) How the environmental parametersthat appear to
beimportant for TC genesiswill change.

3) How thelarge-scde circulation featuresthat appear
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to be linked to TC climatology, especially the
quasi-biennial oscillation (QBO) and El Nifio—
Southern Oscillation (ENSO), will change.

4) How the upper-ocean thermal structure, which acts
as the energy source for TC development, will
change.

3) WHAT TOOLS ARE AVAILABLE TO US NOW?

1) Coupled ocean—atmosphere general circulation
models. (OAGCMSs). These are providing useful
information on the general characteristics of cli-
mate change, but they currently have coarse reso-
[ution (about 500 km), climate drift (or are energy
corrected), and unproven skill for present-day TCs.

2) Atmospheric genera circulation models (AGCMS)
linked to mixed layer ocean submodels or employ-
ing SST predictions from OAGCMSs have better
resolution (about 100 km) but are still too coarse
for mesoscale dynamics and share the latter two
drawbacks of OAGCMs (asin 1).

3) Mesoscale modelsdriven off-line from the output
of OAGCMs or AGCMs have better resolution
(about 20 km) but still share the other drawbacks
(asfor 1and 2).

4) Empirical relationships such as Gray’ sgenesis pa-
rametersor (much too?) simply SSTsalone suffer
from drawbacks associated with empiricism.

5) “Upscaling” thermodynamic models, such asthose
of Emanuel (1991) and Holland (1997), areknown
not to capture all processes of importance.

Thisreview isphrased interms of doubled CO, cli-
mate conditionsfor smplicity and becausethe evalu-
ations assessed predate any attempt to consider the
additional impacts of sulfate, or other, aerosols on
tropical cyclones. However, all the assessments are
equally applicableto greenhouse conditions modified
by either or both other greenhouse gases or atmo-
spheric aerosols.

2. Natural variability in tropical
cyclones and possible trends

Ascertaining tropical cyclone variability on
interannual to interdecadal timescal esishampered by
therelatively short period over which accurate records
areavailable. For the North Atlantic Basin (including
the North Atlantic Ocean, the Gulf of Mexico, and the
Caribbean Sea), aircraft reconnaissance has helped to
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provide anearly complete record sincethe mid-1940s.
Thewestern North Pacific Basin (i.e., the Pacific north
of the equator and west of the dateline, including the
South China Sea) also has had extensive aircraft sur-
veillance giving high quality records since the mid-
1940s. For the remaining tropical cyclone areas (the
north Indian, the southwest Indian, the Australian—
southeast Indian, the Australian—South Pacific, and the
northeast Pacific Oceans), there are only about 25-30
years of reliable measurements of annual activity de-
rived from satellites. Thus, with the instrumental
record so limited, it is difficult to make persuasive
analyses of trends and of the physical mechanisms
responsiblefor tropical cyclonevariability.

However, even with these limitations, someinfor-
mation can be established about tropical cyclonesin
the past. The averages and standard deviations over
theselast couple of decadesfor each tropical cyclone
areaarewel| established (e.g., Neumann 1993). While
the North Atlantic Basin averages 9-10 tropical cy-
clonesreaching tropical storm strength (windsat least
17 m s?) of which 5-6 reach hurricane strength (winds
at least 33 m s), these compose only about 12% of
theworld total. The most activeregion, globaly, isthe
western North Pacific with an annual average of 26
tropical storms and, of these, 16 typhoons (winds of
at least 33 m s), composing over 30% of the world
total. Overall, the number of tropical cyclonesreach-
ing 17 ms™* averages 84 globally, with arange of plus/
minus one standard deviation from 76 to 92. Hurri-
cane-forcetropical cyclonesaverage 45 each year with
arange of plus/minus one standard deviation from 39
to51.

Among the basins with only relatively short reli-
ablerecords, Nicholls (1992) identified a downward
trend in the numbers of tropical cyclonesoccurringin
the Australian region from 105°-165°E, primarily
from the mid-1980s onward. However, itislikely that
this change is primarily artificial, due to changesin
tropical cyclone analysis procedures (Nicholls et al.
1998, manuscript submitted to J. Climate). Asshown
inFig. 1a, if only more intense tropical cyclones are
counted (i.e., those with a minimum pressure of less
than 990 hPa) much of the downward trend in cyclone
numbers is removed. In the remaining short-record
basins, the northeast Pacific has experienced anotable
upward trend, the north Indian a notable downward
trend, and no appreciable long-term variation is ob-
served in the southwest I ndian and southwest Pacific
(east of 165°E) based upon data from the late 1960s
onward (adapted from Neumann 1993). However,
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Fic. 1. (8) Time series of the number of tropical cyclones in the Australian region (105°-165°E) between 1969 and 1995. Dark
bars indicate the number of cyclones with minimum pressure below 990 hPa. The gray bars indicate the numbers with minimum
pressure between 1000 and 990 hPa [adapted from Nicholls et al. (1998, manuscript submitted to J. Climate)]. (b) Time series of
Atlantic basin intense hurricanes (dark bars) and weaker cyclones (gray bars) for 1944-96. | ntense hurricanes are those cyclones that
attain sustained surface winds of at least 50 m s at some point in their life cycle. Weaker cyclonesinclude all other remaining tropical
storms, subtropical storms, and hurricanes. The superimposed lines are the linear best fits for the intense hurricanes (lower line) and

for the total number of cyclones (upper line) [from Landsea et a. (1996)].

whether these represent longer-term changes or reflect
shorter-term (on the scale of tens of years) variability
is completely unknown because of the lack of long,
reliablerecords.

For the northwest Pacific basin, Chan and Shi
(1996) found that both the numbers of typhoons and
thetotal number of tropical stormshave beenincreas-
ing since about 1980. However, theincrease was pre-
ceded by anearly identical decrease from about 1960
t0 1980. No analysis has been undertaken as yet of the
numbers of intensetyphoons (winds at least 50 ms?)
because of an overestimation biasin the intensity of
such stormsin the 1960s and 1970s (Black 1993).

There has been an extensive analysisfor the Atlan-
tic basin in part because of the length of the reliable
record for thisbasin (back to 1944) and for U.S. coasta
landfalling hurricanes (back to 1899). In common with
the northwest Pacific data, observationsfor thisbasin
also have a bias in the measurement of strong hurri-
canes. from the 1940s through to the 1960s, the inten-
sity of strong hurricanesisbelieved to have been over-
estimated by 2.5-5ms™* (Landsea1993). Thishiashas
been crudely removed to provide estimates of the true
occurrence of intense (or major) hurricanes, thosewith
winds of at least 50 m s, which are designated as a
category 3, 4, or 5 on the Saffir—-Simpson hurricane
intensity scale (Simpson 1974).
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Examination of the record of the number of Atlan-
tic tropical storms (including those designated as sub-
tropical stormsfrom 1968 onward) shows substantial
year-to-year variability, but no significant trend
(Landsea et al. 1996) (Fig. 1b). In contrast, intense
hurricanes exhibited a pronounced downward trend
from the 1940s through the 1990s, despite the near
record-breaking years of 1995-96. In addition to these
changesin frequency, there hasbeen adecreasein the
mean intensity of the Atlantic tropical cyclones, a-
though there has been no significant change in the
peak intensity reached by the strongest hurricane each
year. Fluctuationsin numbersof intense hurricanesare
considerable in the 1940s through to the late 1960s;
athough there is a period of reduced activity in the
1970sthrough 1994, and a“ spike” of activity in 1995
(Fig. 1b).

These trends for the entire Atlantic basin are mir-
rored by those from intense hurricanes striking the
U.S. east coast, from the peninsula of Floridato New
England (Landsea 1993). The quiet period of the
1970sto the early 1990sis similar to a quiescent re-
gime in the first two decades of this century. Active
conditions began in the late 1910s and continued into
the 1960s. During two particularly active periods, the
Florida peninsulaand the upper Atlantic coast (from
Georgiato New England) experienced seven intense
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hurricanelandfallsin two periods each of seven years
(1944-50 and 1954—60). Other time seriesfor al U.S.
hurricanes (Hebert et al. 1996) and for hurricanes af-
fecting land areas around the Caribbean also show
some quasiperiodicity.

It has been suggested that the Atlantic’ s hyperac-
tive hurricane seasons of 1995 (19 tropical storms, 11
hurricanes, and 5 intense hurricanes) and 1996
(13 tropical cyclones, 9 hurricanes, and 6 intense
hurricanes) may be heralding areturnto an activere-
gime similar to that seen between the 1940s and the
1960s (Landseaet al. 1996). Sincethe Atlantic hurri-
cane activity observed during the 1970s and into the
early 1990swas anomaloudy low compared with pre-
vious decades, areturn to amore active regimeis not
surprising.

Data for typhoon activities around the island of
Taiwan have been gathered since 1897 and can be used
as an indication of interannual variabilities of the
nonrecurved western North Pacific typhoons defined
astropical cyclonesachievingwind speedsof 33m s
and greater. Recent studies (Chang 1996) focuson the
typhoons that have caused loss of lives and/or dam-
ageto properties on the island of Taiwan, regardless
of whether they crossed the coast. In genera, thereare
about 3—4 such typhoons per year, but thereis a pro-
nounced variation from as many aseight (1914) to as
few aszero (1941, 1964). A dight decreasing trendis
apparent, from 4 to 3 typhoons per year, but this may
be a result of change in the definitions of such ty-
phoonsin 1962.

The global cyclone frequency taken from the Na-
tional Climatic Data Center Global Tropical Cyclone
Data Set indicatesthat the number of tropical cyclones
may haveincreased since 1970. However, thisincrease
has arisen entirely from the more poorly observed re-
gions of the Southern Hemisphere and the eastern
North Pacific and cannot be differentiated from chang-
ing observing practices and slow, multidecadal oscil-
lationsin cyclone numbers.

In the past few years, severa attempts have been
initiated aimed at trying to use geological recordsto
guantify tropical cycloneactivity back asfar astheend
of the last glacia episode, about 10 000 years ago.
These methods, although still in their infancy, suggest
that there may be potential for quantitative analysis of
changing cyclone characteristics with climate. How-
ever, there is insufficient information available at
present for quantitative estimation of trends and natu-
ral variability over geological timescales.
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3. Tropical cyclone genesis and
frequency and their potential to
change in greenhouse conditions

The processesthat are responsiblefor devel opment
of tropical cyclonesare poorly understood, inlarge part
because of the lack of good observations of the highly
transient changes that occur. Even in current opera-
tional weather forecasts, prediction of tropical cyclone
formation still lacks skill and such forecasting is re-
duced to “watchful waiting” (Holland 1993), relying
on detecting the satellite signature, combined with
knowledge of current environmental factors and the
genesis climatology of tropical cyclonesin the area.
Understanding how tropical cyclone genesis may
changein the greenhouse-warmed climateis certainly
asignificant challengeto current research.

The problem of predicting how tropical cyclone
frequency might respond to greenhouse-induced cli-
mate change can be broken into two parts: predicting
how the environmental capacity to sustain tropical
cyclones may change and predicting how the fre-
quency and strength of initiating disturbances may
change. The thermodynamic analysis by Holland
(1997) indicates that there could be an enhanced en-
vironment for tropical cycloneintensification. GCM
predictionsasoindicate that the strength of very large-
scale tropical circulations such as monsoons and the
trade winds are expected to be increased, which could
be expected to provide both an enhanced environment
and moreinitiating disturbances. Balanced againgt this
is the predicted increase of upper-tropospheric wind
shear. Substantial uncertainties also exist in known
regional factors correlated with cyclone frequency,
such as Sahel rainfall (Landsea and Gray 1992) or
ENSO (Nicholls 1984). Elementary applications of
empirical relationships from the current climateto a
future climate are fraught with danger and offer little
useful insight.

Gray (1968, 1979) summarized the knowledge of
large-scal e conditions necessary for tropical cyclone
genesis, but these are by no means sufficient. The Gray
genesis parameter was applied to GCM resultsfor cli-
mate change by Ryan et al. (1992). Their resultswere
inconclusive and there remains doubt whether such
parameters, which have been highly tuned to fit the
current climate, aredirectly applicableto changed cli-
mate conditions. For example, awidespread miscon-
ceptionisthat werethe areaenclosed by the 26°C SST
isotherm to increase, so too would the area experienc-
ing tropical cyclogenesis. Application of athermody-
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the tropical cyclone sitesin (@) to the observed monthly mean temperature soundings at these sites. Rhomboidal symbols indicate
these estimations at the different sites (not distinguished) and the solid thick lineisthe best fit curveto these points. Thin dashed lines

indicate the sense of MPI change and thick vertical dash lines show the changing cyclogenesis limit.

namic technique (Holland 1997) to climate change
scenariosin Figs. 2aand 2b clearly indicatesthat cy-
clone development in a warmer climate occurs at
higher oceanic temperatures, particularly for intense
tropical cyclones. Thisarisesfrom upper-atmospheric
warming that compensates to some extent for thein-
creased energy potential from thewarmer oceans. This
conclusion is supported by the known importance of
dynamical processes, such asdevel opment of abroad
region of upward ascent, which are, themselves, gov-
erned by unchanging parameters such as the earth’s
rotation. The finding also concurs with the modeling
studies of Bengtsson et . (1996). Thenet result, there-
fore, isthat current knowledgeindicatesthat the broad
geographic regions affected by tropical cyclonesare
not expected to change significantly. In particular,
thereis no reason to believe that the region of cyclo-
genesiswill expand with the 26°C isotherm.

Itisconceivable, however, that changesinthelarge-
scale circulation of the atmosphere could increase or
decreasetherate of movement of tropical cyclonesout
of their genesisregionsand into higher latitudes. Itis
also possiblethat the extratropical transition of tropi-
cal cyclones may changein character.

a. Relationships between tropical cyclonesand
large-scalecirculations
Gray (1984a,b) related tropical cyclone activity in
the western Atlantic and western North Pacific to the
phase of the stratospheric QBO. He found that when
QBO winds are from a westerly direction, there are
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nearly twice as many hurricane days in the western
Atlantic as compared to when the QBO isin an east-
erly phase. Inwesterly phase QBO seasons, there seem
to be more intense and longer lasting Atlantic hurri-
canes. In the western North Pacific, this relationship
isnot as strong asin the western Atlantic. In contrast
to the Atlantic, in the western North Pacific tropical
cyclone activity ismore frequent in an easterly phase
of the stratospheric QBO.

In recent years, the ENSO influences on tropical
cyclone activity have been investigated (e.g., Nicholls
1984, 1992; Gray 1984a,b; Revell and Goulter 1986;
Dong 1988; Evans and Allan 1992). El Nifio events
have been shown to be related to the seasonal fre-
quency and interannual variationsof tropical cyclone
occurrence. Nicholls (1984), Chan (1985), and Dong
and Holland (1994) have clearly shown strong rela-
tionships between the ENSO and longitudinal shifts
intheregions of cyclone development.

During an ENSO warm event in the eastern Pacific,
the SSTsover thewestern Pacific arerelatively cooler
and atmospheric pressure over Australiaishigher than
normal. This leads to a reduced number of cyclones
in the Australian region (Nicholls 1984; Evans and
Allan 1992), while the center of tropical cyclone ac-
tivity movesfarther east and north (toward the equa-
tor), and the frequency of cyclone formation east of
170°E actually increases (Revell and Goulter 1986;
Evans and Allan 1992). In cold ENSO events (La
Nifia) these trends are reversed. Nicholls (1992) has
shown that the number of tropical cyclones around
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Australia (105°-165°E) has decreased rather dramati-
cally sincethe mid-1980s. Some of thisreduction may
be associated with there being more El Nifio events
sincethat time (i.e., 1982-83, 198687, 1991-92).

The relationship between the ENSO events and
tropical cyclone activity in the northwest Pacific has
also been studied (e.g., Chan 1985; Dong 1988; L ander
1994). Consistent with results for the Australian—
southwest Pacific basin, there are reduced numbers of
tropical cyclone genesiswest of 160°E, but increased
cyclogenesiseventsin aregion east of 160°E and south
of 20°N during El Nifio events (Chan 1985; Lander
1994). The opposite occursduring cold ENSO events.
There is also atendency for the tropical cyclonesto
form closer to the equator during EI Nifio events.

In the North Atlantic region, the ENSO influence
on tropical cyclone activity is quite different (Gray
1984a; Shapiro 1987; McBride 1995). During El Nifio
events (ENSO warm phase), tropospheric vertical
shear isincreased by the stronger upper-tropospheric
westerly winds. Thisinhibitstropical cyclonegenesis
and intensification. In contrast, seasona frequency of
tropical cyclone occurrence is slightly enhanced in
non—El Nifio years. Unfortunately, since current cli-
mate modelsdo not adequately ssmulate ENSO events,
no definite statements can be made about the likely
impacts of changing climate on these coupled phenom-
ena

Recently, Landseaand Gray (1992) have detected
astrong empirical relationship between North Atlan-
tic hurricanes and various observable parameters of the
climate system, such as the extent of summer rainin
the Sahel. As yet unpublished work by Holland and
collaborators also indicatesthat cyclone frequency in
the Australian region may berelated to establishment
of suitable thermodynamic preconditions. Holland
(1995) has al so hypothesised that large-scale circul a-
tion patterns in the western North Pacific are associ-
ated with and conducive to extended periods of re-
peated cyclogenesis. None of these results have yet
been applied directly to cyclone development and cli-
mate change.

An interesting, and potentially useful, statistic on
tropical cyclonefrequency isthat the global frequency
ishighly stable from year to year: variations are typi-
cally around 10%. This compares markedly with lo-
cal regional variationsthat are typically 100% of the
long-term mean (e.g., Fig. 1) and can be more than
200%. It is concluded that current knowledge and
available techniques are too rudimentary for quanti-
tative indications of potential changesin tropical cy-

Bulletin of the American Meteorological Society

clone frequency. However, the available evidence
strongly pointsto an expectation of little or no change
inglobal frequency. Regiona frequency could change
substantially in either direction.

b. GCM studies of numbers of tropical cyclones

GCM s have been used by anumber of groupstotry
toinfer changesin tropical cyclone activity by anayz-
ing the resolvable-scale vortices that develop. These
studies are subject to anumber of caveats and produce
conflicting results: Haarsma et al. (1992) found an
increasein frequency of tropical cyclones, Bengtsson
et al. (1996) found large decreases, and Broccoli and
Manabe (1990) found that increases or decreases could
be obtained by reasonable variations in the model
physics. A commentary on these simulationsis pro-
vided below.

The possible changes in tropical cyclone activity
associated with greenhouse-induced climate change
have been investigated using GCM results directly
(e.g., Broccoli and Manabe 1990; Haarsmaet a. 1993;
Bengtsson et al. 1995, 1996). Broccoli and Manabe
(1990) used the Geophysical Fluid Dynamics Labo-
ratory GCM to study the response of tropical cyclones
toincreasesin atmospheric CO,. Two versions of the
model, R15 (4.5° lat x 7.5° long) and R30 (2.25° lat x
3.75° long), were utilized. The cloud treatments
adopted were with fixed cloud and variable cloud
amounts. In the experiments with fixed cloud, the
number and duration of tropical stormsincreasedina
doubled CO, climate for the R15 integration. How-
ever, asignificant reduction of the number and dura-
tion was indicated in the experiments with variable
cloud. Theresponse of the s mulated number of storms
to adoubling of CO, is apparently insensitive to the
model resolution but crucially dependent on the pa-
rameterization of clouds (Broccoli and Manabe 1992).

Haarsma et al. (1993) undertook similar experi-
ments for present-day and doubled CO, concentra-
tions. Their model resolution was R30 (2.25° lat x
3.75° long) with variable cloud amount. Evans (1992)
argued that it is important to examine the physical
mechanisms involved in the generation of the model
“storm” and test the degree to which the model vorti-
ces have physical similarities with real tropica cy-
clones. The simulated tropical disturbances for the
present climate analyzed by Haarsmaet al. (1993) have
amuch larger horizontal extent and weaker intensity
than those observed, but some physical features of
tropical cyclones, such aslow-level convergence, up-
per-tropospheric outflow, and awarm core, were pro-
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duced by this GCM. In the doubled CO, conditions,
the number of simulated tropical stormsincreases by
about 50%.

Bengtsson et al. (1995, 1996) investigated the in-
fluence of greenhouse warming on tropical storm cli-
matol ogy, using ahigh-resolution GCM at T106 reso-
lution (triangular truncation at wavenumber 106,
equivaent to 1.1° lat-ong). Their studies suggest a
substantial reduction inthe number of storms, particu-
larly in the Southern Hemisphere. They attributethis
reduction to awarming in the upper troposphere, en-
hanced vertical wind shear, and other large-scale
changesinthetropical circulation such asreduced |ow-
level relativevorticity. In comparison to theresultsfor
the control experiment, there are no changes in the
geographical distribution of the GCM-simulated
storms. The seasonal variability of the storm distribu-
tionissaid to bein agreement with that of the present
climate. However, application of their model results
may be limited by their model’ s sensitivity to itsreso-
lution and perhaps a so by incompatibilitiesin the ex-
periment. In the ECHAMS3 (T106) doubled CO, ex-
periment (Bengtsson et al. 1996), the fixed global
SSTsweretaken from ECHAM3 (T21) doubled CO,
experiment of Cubasch et al. (1992) in which an en-
hanced tropical hydrological cycle by astrengthened
ITCZ was simulated with afully coupled ocean model
and the SSTs were warmed between 0.5° and 1.5°C.
Surprisingly, with such high global SSTs and noting
the results from the underpinning experiment,
Bengtsson et al. (1996) reported aweakened tropical
hydrologica cyclein their high-resolution experiment.
Thisweakening intropical circulation appeared to be
one of the primary reasons for the decrease in the
model’ stropical cyclone activity. It appearsthat this
model’ stropical climate is very sensitive to its hori-
zontal resolution. It is possible that the changes of
SSTsinthe doubled CO, climate, if smulated by the
high-resolution AGCM coupled with the same OGCM
as Cubasch et al. (1992), may be different from the
ones used in Bengtsson et al. (1996) and thus might
give adifferent prediction of the changesin tropical
cyclone activitiesin the greenhouse-warmed climate.

An alternative approach to prediction of the poten-
tial changes in tropical cyclone activity is to apply
Gray’s (1968, 1975) seasonal genesis parameter to
GCM fields (e.g., Ryan et a. 1992). A recognized
weakness of thisisthat the Gray genesisparameter was
derived based on the present climate, but it does not
account for how well the parameter would govern
tropical cyclogenesisin adifferent climate (Tonkin et
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al. 1997). Watterson et al. (1995) used Gray’ s seasonal
genesis parameters as an objective criterion to derive
amodel’ sclimatology of tropical cyclone genesisfrom
aGCM with 3.2° lat x 5.6° long resolution. First they
applied the genesis parameters to the European Cen-
trefor Medium-Range Weather Forecasts climatol ogy
and compared the results with the observed cyclogen-
esis. Although their results confirmed the success of
these genesis parameters as a diagnostic tool for lo-
cating the genesis regions of tropical cyclones, they
found that these parameters overestimated the num-
ber of tropical cyclonesin the Southern Hemisphere.
Resultsfrom the GCM climatology a so show the sen-
sitivity of the model tropical cyclogenesisto the SST
variationsand that Gray’ s seasonal genesis parameters
have deficiencies in diagnosing both climatol ogical
and interannual tropical cyclone frequency.

Recently, Walsh and Watterson (1997) studied the
tropical-cyclone-like vorticesin alimited areamodel
focused on the Australian continent and nested into a
GCM. Thislimited-areamodel has ahorizontal reso-
[ution of 125 km and has successfully simulated some
of the physical features of tropical cyclones such as
the warm core, low-level wind maxima in the mod-
eled tropical-cyclone-like vortices detected using ob-
jective genesis parameters. Compared with observed
cyclogenesisover theseregions, this study showed that
although Gray’s seasonal genesis parameters have
some skill in predicting model cyclogenesisfor cur-
rent climate conditions, it is not adefinitive measure
and areformulation of such parameters may be war-
ranted. Walsh and Watterson (1997) identified two
main limitations of climate modelsthat constrain the
model capability for smulating small and convective-
driven systems such astropical cyclones: coarse hori-
zontal and vertical resolutions and inadequate repre-
sentation of moist convective processes.

4. Tropical cyclone intensities and their
potential to change in greenhouse
conditions

The sensitivity of tropical cycloneintensity to SST
change has been investigated using a variety of nu-
merical modeling techniques (e.g., Baik et al. 1990;
Drury and Evans 1993; Evans 1993; Bengtsson et al.
1994). With an axisymmetric tropical cyclone mode,
Baik et a. (1990) performed extensive sensitivity ex-
periments. They found that when only the SST was
varied, theintensity of the model-simulated stormin-
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creased with warmer SST and decreased with cooler
SST. Considering the impacts of moist convective
instability on tropical cyclone intensity, Drury and
Evans (1993) explored the sensitivity of asimulated
storm to increased SST and demonstrated that there
seemsto bethe potentia for moreintense, wetter tropi-
cal cyclonesin amoister and warmer world. In their
experiments, the atmosphere with warmer SST was
adjusted such that the convective available potential
energy (CAPE) of thelower-tropospheric air was un-
changed. They found that the changes in simulated
cyclone intensity are significantly less than those in
the experiment in which only SST was varied. It
should be mentioned that previous studies of the sen-
sitivity of maximum potentia intensity (e.g., Emanuel
1986) also held CAPE fixed while SST was varied.

Historical datacovering fivetropical ocean basins
for the 20-yr period 1967-86 were examined by Evans
(1993) to identify the relative importance of SST in
thetropical cycloneintensification process. Theresults
indicatethat while SST doesinfluencetropical cyclone
development and provides an upper bound on tropi-
cal storm intensity, it is not the overriding factor in
determining the maximum intensity attained by a
storm. Based on empirical evidence, McBride (1981)
found that SST does not seem to be the primary vari-
ablein determining whether incipient stormsdevel op,
although awarm ocean surface is needed for tropical
cyclone formation and devel opment.

Evanset al. (1994) utilized alimited areamodel to
study potential changesin tropical cyclone intensity
tovarying SSTs. They performed several experiments
for two well-observed tropical cyclonesoccurring si-
multaneoudly in the northern Australian region. The
sengitivity studiesreveal that if theunderlying SST is
warmed, the minimum central pressurewill decrease
and the associated rainfall will increase. In other
words, tropical cyclones could become stronger than
inthe current climate with warmer SSTs, if other en-
vironmental conditionsare held constant.

a. Thermodynamic model studies of tropical cyclone

intensity

The maximum intensity that can be reached by
tropical cyclonesisultimately limited by the available
energy in the atmosphere and ocean. It has been well
established (e.g., Byers 1944; Riehl 1954; Makusand
Riehl 1960) that the atmosphere a one cannot provide
sufficient energy for the development of avery intense
tropical cyclone. The warm tropical oceans support
intense cyclone development by afeedback processin
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which falling surface pressures in the cyclone core
release additional energy from the ocean surface. Ad-
verse atmospheric conditions, together with internal
cyclone dynamics and local oceanic cooling by mix-
ing and upwelling, often prevent tropical cyclones
from achieving thistheoretical limit (Holland 1997).

While the internal dynamics of tropical cyclones
and the manner in which they interact with their envi-
ronment are extremely complex and not well under-
stood, the maximum potentia intensity (MPI) hasbeen
estimated in recent years by a consideration of the
energetics (e.g., Kleinschmidt 1951; Emanuel 1986,
1991; Holland 1997). Although these techniques in-
volve anumber of simplifying assumptionsand cave-
ats, Tonkin (1996) has shown that the techniques of
both Emanuel (1991) and Holland (1997) exhibit con-
siderable skill when evaluated using monthly mean
and daily soundings from alarge number of stations
inthewestern Pacific and North Atlantic Oceans. Fig-
ure 3 (for the Australian—southwest Pacific region)
showsthat these two techniques providean MPI bound
ontheclimatologica record, recognizing that the short
cyclonerecord will not include all possible combina-
tions of extreme cases. Furthermore, Fig. 4 indicates
that there is substantial potential skill in forecasting
the maximum intensity of individual cyclones using
observations of ambient atmospheric and oceanic con-
ditions.

Application of the Holland (1997) technique to
current and future climate conditionsisillustrated in
Fig. 2. MPI estimates made from monthly mean atmo-
spheric temperature soundings and oceanic tempera-
tures (SST) at several tropical radiosonde sitesin the
Northern and Southern Hemispheres were first com-
pared with tropical cyclone observations. Becausethe
atmospheric conditions are closely tied to the surface
temperatures of tropical oceans, aplot of SST versus
MPI provides aconvenient display of theresults (Fig.
2a). The theoretical estimates agree closely with the
observed curve of worst-case tropical cyclones for
warm oceansand accurately reproduce thewell-known
requirement of SST >26°C for cyclone development
(Gray 1968). The scatter of MPI near 26°Cispartialy
due to the method and partially reflects real changes
of MPI-SST relationships between ocean basins (e.g.,
Evans 1993). At cooler SSTs, the observations are
composed of cyclones that developed over warmer
tropical oceans and are decaying as they move
poleward. The sensitivity of the model’ s estimations
to a variety of parameters employed in such ap-
proachesisdiscussed in detail by Holland (1997).
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Taking the climate model forecasts of monthly
mean atmospheric and oceanic temperature changes
at Willisldland and Guam radiosonde sitesfrom those
MECCA (Model Evaluation Consortium for Climate
Assessment) GCMsthat have adequately good simu-
lations of observed climate and adding these to the
observed temperatures used in Fig. 2aresultsin Fig.
2b. Theminimum SST at which tropical cyclonesde-
velop increases by 2°-3°C. This is similar to that
modeled by GCMsfor the ocean changesin awarmed
climate. Thus, the geographical region of cyclogenesis
will remain roughly unchanged. A small increase of
cycloneintensity ispredicted, consistent with the more
comprehensive examination by Li (1996). Thisin-
crease of MPI isreasonably independent of the choice
of parameter values used in the thermodynamic tech-
nique, provided that no unforeseen changes occur in
these parameter valueswith climate change.

The thermodynamic approaches provide an objec-
tive estimate of thelowest central pressure that can be
achieved. Thisprovides aconservative parameter for
indicating current and potential future changesin cy-
clone intensity, and is in accord with the archiving
practices of most major cyclone centers. There are
direct relationships between central pressure and maxi-
mumwinds (e.g., Holland 1993, chap. 9), but anum-
ber of factors, including asymmetriesfrom the cyclone
motion and local wind transents, result in asignificant
scatter. Wenotethat the maximumwindsvary asroughly
the square root of the central pressure, so that percent-
agesin expected wind changeswill bedightly lessthan
the percentage changes predicted for central pressure.

There is considerable sensitivity to choice of, or
variationsin, some parameters used in these thermo-
dynamic models. For example, Holland (1997) as-
sumes avalue of 90% for therelative humidity under
theeyewall. Thisvalueisconsistent with existing in-
formation on the conditionsin thisregion, and it pro-
duces satisfactory predictions for current climate
(Tonkin 1996). However, its use grossly oversimpli-
fiesthe complex interactions between wind, ocean, and
spray occurring in the maximum wind region. Several
studies have shown that the presence of spray consid-
erably modifiesthe near-surface atmospheric layer for
winds above 20 m s (Pudov and Petrichenko 1988;
Fairal et al. 1994), but virtually nothing isunderstood
of the effects at very high wind speeds.

Recently, J. Lighthill (1996, personal communica-
tion) proposed amechanism relating spray to the ther-
modynamics of tropical cyclones, based upon thework
of Fairall et d. (1994), who undertook afluid-dynami-
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cal analysis of extensive observations made at seain
winds as high as 25-30 m s*. These observations
found a substantial layer of “a third fluid” (ocean
spray) between the atmosphere and the ocean and
measured wind temperatures were substantially less
than the SST. The existence of such a temperature
shortfall would affect the saturated water-vapor con-
centration and therefore the maximum latent-hest con-
tent of theair around thetropical cycloneeyewall base.
Moreover, an extrapolation by Fairall et a. (1994) to
40 m st wind speed suggests that the mass density of
spray might riseto only 0.008 kg m (lessthan 1% of
theair density) and yet that vapor transfer from spray
toair could exceed direct transfer from the ocean sur-
face by an order of magnitude. It is, therefore, proposed
that there is a need for a modest correction to estab-
lished views of tropical cyclone thermodynamics.
Specificaly, if much of the vapor transfer to surface
winds camefrom spray droplets, then cooling fromthe
corresponding latent heat transfer might not be fully
compensated by sensible-heat transfer from the ocean
surface, so that air temperature (as observed) would
reach an equilibrium value below that of the ocean
surface. The consequence would be that the average
temperature of saturated air around the base of the
eyewall would belessthan the SST. From the thermo-
dynamic viewpoint, the importance of such acorrec-
tion to thetemperature of saturated air around the base
of theeyewall stemsfrom the associated very substan-
tial reductionin latent heat intake per unit massof air,
consequent on the very steep dependence of saturated
water-vapor concentration on temperature. Thistype
of mechanism has not yet been incorporated in the
current MPI models.

Since a primary mechanism for tropical cyclone
intensity is the balance between input of mechanical
energy from buoyancy forces acting on saturated air
rising in the eyewall (approximately, along a moist-
air adiabat) and dissipation of wind energy in thetur-
bulent boundary layer at the ocean surface, then ocean
spray may provide asalf-limiting process. The energy
input per unit mass of air must bereduced if air at the
base of the eyewall has a water-vapor concentration
well bel ow that associated with the SST, whereas dis-
sipation in the turbulent boundary layer isunlikely to
be greatly modified by the presence of spray at amass
density lessthan 1% of air density.

Current research isfocused on discovering whether
therelationshipsindicated above arelikely to develop
further aswind speedsrisefrom the highest value ana
lyzed by Fairal et al. (40 m s%) toward those typical
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of intense tropical cyclones (5060 m s%). Initial ef-
fortsto achieve more comprehensive statistical mod-
elling of droplet trajectories suggest that spray distri-
bution may be critically dependent on acertain veloc-
ity ratio. It iswhen vertical gust components have a
standard deviation far greater than the terminal vel oci-
ties of most droplets that it is anticipated that a sub-
stantial thickening of the spray zone will occur and
hence an enhancement of the effects of ocean spray on
tropical cyclonethermodynamics. Thismay beasig-
nificant restraining mechanism on any increasein the
maximum intensity of tropical cyclonesin response
toincreasing SST because the deep ocean spray zone
of intense tropical cyclones could constrain further
thermodynamic devel opment.

Some recent studies by Gray (1996) show that
momentum considerations are afundamental compo-
nent that must also be taken into account in combina-
tion with lapse ratesin upscaling models of MPI. As
atropical cyclone' smaximumwindsincrease, itslow-
level frictional dissipation goes up with the square or
slightly higher power of the wind. Eyewall cloud
buoyancy, athough aways large in the weak stages
of the cyclone, rises at a much slower rate than does
friction. At high tropical cycloneintensities, eyewall
buoyancy istill only marginally (or not at al) enough
to support the larger increase in the need for eyewall
cloud vertical motion to balance friction. A point is
reached where the buoyancy-driven eyewall cloud
vertical motion is unable to increase sufficiently to
match the exponential risein tropical cyclone momen-
tum requirements. The frictional momentum dissipa-
tion was considered in the MPI approach of Emanuel
(1995) and his recent study (Emanuel 1997) further
showsthat the MPI estimated by the thermodynamic
approach can be rederived from energetic consider-
ations, and Holland (1997) showed the energetic con-
sistency in hisMPI estimation. Neverthel ess, we till
lack aclear understanding of how thetropica cyclone
inner-core dynamics and thermodynamicslimit itsin-
tensification.

b. Global climate model (GCM) studies of tropical

cycloneintensity

Haarsmaet al. (1992) found an increasein the num-
ber of more intense tropical disturbances and in the
intensity of the most intense stormsin awarmer GCM
climate. Theincrease of the maximum simulated wind
speed isabout 20%. They a so suggested that the GCM
severely restricts the maximum possible intensity of
the simulated tropical storms because of its coarse
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spatial resolution. Bengtsson et al. (1995, 1996) found
that although the number of modeled stormsissignifi-
cantly reduced in their T106 GCM simulation, there
seemsto be no reduction in their overal strength.

Li (1996) has applied the Emanuel and Holland
approachesto the climate model sused in the MECCA
present-day and greenhouse intercomparison (Howe
and Henderson-Sellers 1997). He showsthat theindi-
vidual models produce widely varying values of MPI
for current climatic conditions, largely dueto the poor
thermodynamic structure of the model atmosphereand
the poorly predicted SSTs. Li (1996) does find in-
creased intensity of cyclones using both the Holland
and Emanuel thermodynamic models, athough the
increasesin MPI found in his analysis are inside the
uncertainty range derived from individual model pre-
dictions. Thisintroduces considerable uncertaintiesfor
direct application to climate change predictions and
calls into question the results of “downscaling” by
means of embedding mesoscale models into global
climate models (e.g., Walsh and Watterson 1997).

The coarse- and large-scale vortices generated by
GCMsdo not capture the detailed core-region physi-
cal and dynamical processesthat are known to beim-
portant to tropical cyclone intensification, including
oceanic coupling, and they do not have the capacity
to fully develop intense cyclones by the thermody-
namic processesthat feed back between the ocean and
the cyclone. Their usefulness as prediction tools de-
pends upon the degree to which the cyclone intensity
isgoverned by external environmental factors, which
isnot well known.

As pointed out by Gray, tropical cyclone potential
intensity (MPI) appearsto depend on the existence of
background conditionally unstablelapseratesfrom the
surfaceto 300 hPa, or, equivalently, 6 decreasesfrom
the surface to 300 hPa, which is the usual level of
strongest tropical cyclone eyewall cloud updrafts.
Buoyancy decreases abovethislevel. For example, the
northwest Pacific hasthe highest background value of
conditional instability from the surfaceto 300 hPa, and
themost intensetropical cyclonesoccur inthisregion.
Other regionswith lower values of this quantity have
weaker or no cyclones. The question to be addressed
is how this surface to 300 hPalapse rate will change
as global warming occurs. In recent years, a number
of studies has been done to investigate the moist sta-
bility and CAPE in the tropical atmosphere (e.g.,
Rennd and Ingersoll 1996; Robe and Emanuel 1996).
Rennd and Ingersoll (1996) arguethat anecessary con-
sequence of CO,-induced warming is larger CAPE,
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because the mean temperatures at which radiation is
absorbed and emitted become more different. How-
ever, cloud feedbacks may reducethis effect.

Most global models indicate large mid- to upper-
tropospheric warming (3°-6°C) intheir doubled CO,
simulations over the tropical oceans. They also show
only small 1°-2°C surfacewarming in thetropical cy-
clone ocean basins. Since surface moisture increases
occur with the surface warming, little or no back-
ground environmental surface to 300 hPa 8, gradient
change is expected with global warming. Indeed, re-
sults from Bengtsson et al. (1996) did not show any
large changein the atmospheric moist stability intheir
doubled CO, simulation. From this point of view,
moreintensetropical cyclones should not be expected
in agreenhouse-warmed climate.

By analyzing six MECCA model results, Li (1996)
showslargeincreases of atmospheric dry static stabil-
ity (06/dp) in all MECCA models with larger warm-
ing inthe high troposphere than at the surface (Fig. 5).
Asnoted by Holland (1997), thisisquite different from
the destabilization that occurs when SST increases
each year in current climate (Fig. 5a). Li aso findsthat
the atmospheric moist static instability (06 /dp) (cal-
culated as the difference of 6, between models’ sur-
face and 200 hPa) exhibitsonly dight changesfollow-
ing greenhouse warming inthe MECCA models. Fur-
ther analysisfrom five of the MECCA models shows
that the instability of the low-level atmosphereisin-
creased in the greenhouse-warmed climate but the sta-
bility isincreased in the middle and upper troposphere.
Calculations of CAPE from these models show the
major increasesto belimited tothelow levels. Thisis
quite different from seasonal changesin current cli-
mate (Fig. 5b) where theinstability increasesthrough
adeep layer. How the atmospheric thermodynamic struc-
ture will change in the future climate and any impli-
cation this may have for changesin tropical cyclone
intensities needsto be addressed in future evaluations.

c. Distribution of tropical cycloneintensities

No information is available from current research
on changes in the distribution of cyclone intensities.
A net skewing of theintensity distribution up or down
could have agreater effect than changesin the worst
possible case. Landsea and Gray (1992) have found
climatic indicatorsfor the gross distribution of hurri-
cane intensities for the North Atlantic. Recent work
by Holland and collaborators has al so found that there
may be environmental signatures in the Australian—
southwest Pacific region. However, such techniques
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have not yet been applied successfully to climate ssmu-
lations. DeMariaand Kaplan (1993, 1994) found that
the difference between current intensity and an empiri-
cally defined MPI provided a good predictor of
whether hurricanesin the North Atlantic would con-
tinueintensifying. Thisimpliesthat ahigher MPI will
lead to agreater frequency of intense cyclonesin gen-
eral, but thisis not supported by the resultsin Fig. 4,
which indicatethat there are substantial local and tem-
poral variations of MPI that affect individual tropical
cyclones. It isconcluded that thereisinsufficient evi-
dence with which to predict changes in tropical cy-
cloneintensity distribution.

5. Tropical cyclones in a greenhouse-
warmed world

The impacts on society by tropical cyclones have
been marked by asubstantial decreasein deathsinthe
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seasonal changes (February minus August) at the same location.
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developed nations, but arapid increase of economic
damage and disruption of burgeoning coastal commu-
nitiesover the past few decades. Theinsuranceindus-
try in particular has experienced a rapid increase in
losses from tropical cyclone disasters during the last
decade. Thishasbeen caused, to alarge extent, by in-
creasing coastal populations, by increasing insured
valuesin coastal areas, and, perhaps, by arising sen-
sitivity of modern societiesto disruptions of infrastruc-
ture. However, theinsurance industry isworried about
the possibility of increasing frequencies and/or inten-
sities of tropical cyclones in addition to the higher
exposuresin coastal areas. Until scientific predictions
provide conclusive proof that these fears are unwar-
ranted, the industry has to prepare itself for extreme
catastrophic losses by means of appropriate reserves
and restrictive underwriting.

Some progress has been made toward understand-
ing the possibleimpactsontropical cyclonesof green-
house warming. Detailed empirical and theoretical
studies have greatly improved our understanding of
what is not known and, therefore, which topics offer
the greatest likelihood of improved prediction skill.
Theseinclude

* increased realism in coupled ocean—atmosphere
global climate models;

* improved observations of air—seainteractionsand
other aspects of tropical cyclone genesis and evo-
lution; and

 further and more complete pal eoclimatological
analyses relating past climate changes to changes
intropical cyclone activity.

Since the production of the 1996 IPCC reports, our
knowledge has advanced to permit the following sum-
mary.

» Therearenodiscernibleglobal trendsintropical cy-
clone number, intensity, or location from historical
dataanalyses.

* Regiona variahility, which isvery large, is being
guantified slowly by avariety of methods.

» Empirical methods do not have skill when applied
to tropical cyclonesin greenhouse conditions.

» Global and mesoscale model-based predictionsfor
tropical cyclonesin greenhouse conditions have not
yet demonstrated prediction skill.

The IPCC “Science of Climate Change” report
stated that “it is not possible to say whether the fre-
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quency, areaof occurrence, time of occurrence, mean
intensity or maximum intensity of tropical cyclones
will change” (Houghton et a. 1996, p. 334). We be-
lievethat it is now possible to improve on this state-
ment. In particular:

« thereisno evidence to suggest any major changes
in the area or global location of tropical cyclone
genesisin greenhouse conditions;

 thermodynamic “upscaling” models seem to have
some skill in predicting maximum potential inten-
sity (MPI); and

* these thermodynamic schemes predict an increase
inMPI of 10%-20% for adoubled CO, climate but
the known omissions (ocean spray, momentum re-
striction, and possibly also surfaceto 300 hPalapse
rate changes) all act to reduce these increases.
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Appendix: List of Acronyms

AGCM  Atmospheric General Circulation Model

CAPE  Convectiveavailable potential energy

CAS Commission for Atmospheric Sciences

CLIVAR Climate Variability and Predictability
Programme, WCRP

ECMWEF European Centrefor Medium-Range
Weather Forecasts

ENSO  El Nifio-Southern Oscillation

GCM General circulation model or global
climate model

GFDL Geophysical Fluid Dynamics L aboratory

ICSU International Council of Scientific
Unions

IPCC Intergovernmental Panel on Climate
Change

ITCZ Intertropical Convergence Zone
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MECCA Model Evaluation Consortium for

Climate A ssessment

MLO Mixed-Layer Ocean (model)

MPI Maximum potential intensity

NCDC Nationa Climate Data Center

OAGCM (coupled) Ocean—Atmosphere General
Circulation Model

QBO Quasi-biennial oscillation

SGP Seasonal genesis parameters

SST Sea surface temperature

TC Tropical cyclone

TMRP  Tropical Meteorology Research
Programme

WCRP  World Climate Research Programme

WMO  World Meteorological Organization
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