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Abstract. The proposition that the rate of tropical cycloge- 1 Introduction

nesis increases with the size of the “warm pool” is tested by

comparing the seasonal variation of the warm pool area wittHigh numbers of Tropical cyclones (TCs) in the Atlantic and
the seasonality of the number of tropical cyclones. An anal-Caribbean during 2004 (15 named TCs) and 2005 (27 named
ysis based on empirical data from the Northern Hemispherel Cs') have recently spurred speculations of whether TCs can
is presented, where the warm pool associated with tropicabe affected by a global warminglptzbach and Gray2008
cyclone activity is defined as the are&, enclosed by the Trenberth 2005 Scharroo et al.2006 Sun et al. 2006
26.5°C SST isotherm. Similar analysis was applied to the Michaels et al. 2006 Knutson and Tuleya2005 Pearce
temperature weighted arelg- with similar results. 2005a Smith, 2005 Trenberth et al.2007). Furthermore,

An intriguing non-linear relationship of high statistical in 2006 there were 9 named Atlantic TCs, despite the pres-
significance was found between the temperature weighte@nce of an El Nio and possible cooling effects from Saharan
area in the North Atlantic and the North-West Pacific on thedust Cau and Kim 2007, and in 2007 there were 15 named
one hand and the number of cyclonas,in the same ocean Atlantic tropical cyclones.
basin on the other, but this pattern was not found over the Details of the physical conditions and processes associated
North Indian Ocean. A simple statistical model was devel-with TC formation and their intensity are poorly knowd(-
oped, based on the historical relationship betw¥esnd A. land 1997). It is nevertheless well-known that the formation
The simple model was then validated against independensf tropical cyclones requires sea surface temperatures (SST)
inter-annual variations in the seasonal cyclone counts in thgyreater than 26—2T (Holland, 1997 Gray, 1968, whereas
North Atlantic, but the correlation was not statistically sig- strong vertical wind shear in the troposphere provides un-
nificant in the North-West Pacific. No correlation, however, favourable TC conditionsGoldenberg et al.2001 Pearce
was found betweev and A in the North Indian Ocean. 2005k Henderson-Sellers et al.998 Holland, 1997). Fur-

A non-linear relationship between the cyclone number andthermore, the heat conversion associated with evaporation
temperature weighted area may in some ocean basins explaifear the surface and condensation associated with cloud for-
both why there has not been any linear trend in the number ofnation aloft plays a central role in the TC energetics.
cyclones over time as well as the recent upturn in the number A remote sensing study of Hurricane Katarina-2005 sug-
of Atlantic hurricanes. The results also suggest that the nogests that the rapid increase in the intensification of the hur-
tion of the number of tropical CyCloneS being insensitive to ricane was more ||ke|y due to oceanic dynamic topography,
the aread is a misconception. representing the upper ocean heat content, rather than SST

(Scharroo et al.2005 2006. Stirring of the upper ocean
layers by the high winds associated with TCs brings cooler
subsurface water up to the surface, and merely high SST
is not a sufficient condition for TC formation. But a deep

IThree of which were category-5, four landfalls caused exten-
Correspondence tdR. E. Benestad sive damages, and Wilma reached the highest intensity on record in
BY (rasmus.benestad@met.no) the Atlantic basinhttp://en.wikipedia.org/wiki/Hurrican&Vilma.
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thermocline is required as well to maintain high SSTs dur-ratio of land-falling cyclones to the total number is not con-
ing the mixing or Ekman pumping caused by TCs. As thesestant and hence that Landsea et al.’s adjustment is unjustified.
aspects are not mutually independent, high SSTs are ofteKlotzbach and Gray2008 carried out an analysis of North
associated with a thick upper layer of warm water. Atlantic TCs, and concluded that both the total and number
TCs are also associated with a warm core aloft that haveof land-falling TCs vary with the Atlantic multi-decadal os-
both dynamical and thermodynamical implications for the cillation (AMO).
cyclone characterHolland, 1997). A change in the verti- Thus, different data sets and studies provide different ac-
cal stability is likely to have a pronounced effect on the TC counts on the long-term trends in the cyclone activity, and
statistics, while high temperatures near the surface and inany clear and systematic change in the global total number of
creased specific humidity implies increased energy input forTC has not yet been detectelténberth et a).2007). More-
the TC processHolland, 1997). If a Carnot heat engine per- over, a lack of trend may seem contrary to expectations, given
spective can be used as an analogy for the work done by a general warming trend.

TC, then the efficiency (1-d/Ty) of an “engine cycle” is Global climate models (GCMs) provide an important tool
lower for smaller temperature differences between the warnjor making future climate scenarios, but these do not yet
(Tw) and cold () states. have a sufficient spatial resolution or a representation of the

There has been a number of studies discussimgd long-  physical processes within the individual storm systems to
term trends in the TC frequency, and there have been regive accurate result&¢shimura et al.2006 Chauvin et al.
ports of increased activity (e.g. number of TCs) in the period2006 Henderson-Sellers et all998 Jung et al.2006 Vi-
1995-2000 compared to 1971-1994, due to increases in th@yrd et al, 2007 Randall et al.2007. Most of the GCMs
North Atlantic SST and a decrease in wind shear. ~ with spatial resolution of 50-100km or lower cannot ac-

Lau et al. (2008 reported positive significant trends in curately simulate the observed TC intensibeghls et al.
heayy ral_n over the NOfth-WeSt-PaCIfIC and the North At- 200'/) Nevertheless, GCMs may give a reasonable descrip_
lantic during the 1979-2005 period. They argued that TCstion of the geographical tropical cyclone statisti€aadall
may have fed increasingly more to rainfall extremes in theet al, 2007. Yet, the IFS from the European Centre for
latter, and suggested that an expansion of the warm pool aregedium Weather Forecasts (ECMWF), a higher-resolution
may explain slightly more than 50% of the change in ob- GCM, exhibits some biases with respect to the TC climatol-
served trend in total TC rainfall. For the North-West Pacific, ogy in terms of number and the phase of the seasonal cycle
however, there was no such unambiguous trend in TCs.  (vitard et al, 2007, and such biases are also found in other

Goldenberg et al2001) posed the question whether the GCMs (Yoshimura et a].2008.
increased activity was due to the long-term global warming - geveral model studies have investigated whether TCs will
or just a result of natural variability, but concluded that the pecome more frequent or more intense under a global warm-
latter was the most likely explanation. They argued that thejng, and some model results indicate an increase in inten-
recent high North Atlantic SST and reduced vertical shearsity and near-storm precipitation rates with S@duced
will persist for some years to come, and suggested that thgarming Knutson and Tuleya2004). But moderately high-
high activity is likely for subsequent 10-40 years. _ resolution model-based studies Wgshimura et al(2008,

Wu et al.(2009 argued that there has been no increase ingengtsson et ak2006, and Chauvin et al (200§ suggest
Western North Pacific category 4-5 typhoon activity, and thaty gecreasingiumber of TCs globally, although the intensity
the best track data from the Hong Kong Observatory showsyng the number of intense TCs may increddedhls et al.

a decrease in the proportion of category 4-5 typhoons frompog7, One explanation for a reduction in the total number
18% to 8% between the two periods of 1977-1989 and 1990f TCs is that stronger warming aloft in the tropics results in

2004. ] enhanced stability of the tropical tropospheveéhls et al.
FurthermoreKlotzbach(2006 found no evidence for any 2007).

significan_t trend in the global_ accumulated cyclone energy anderson-Sellers et a(1998 argued that there is a
(ACE) or in category 4-5 hurricanes. , widespread misconceptidthat the tropical cyclogenesis in-
Other studies, based on past empirical evidence, have Ofgases with the area enclosed by the@&ST isotherm
Fhe other hgnd suggestgd that the potential destructive energdynd based their statement on an application of a thermody-
in TCs has increased since 19EManue|2009 orthatthe 5 mic techniqueHolland 1997. But the thermodynamic
number of intense cyclones has risen over the time per'o‘{echnique cited byHenderson-Sellers et #1999 is rele-

(Hoyos et al.2006 Webster et a).2009. vant for the intensity of TCs, not their frequency. The warm
Looking at the statistics of land-falling TCd4,andsea

(2007 argued that ear.Iy TC count was underestimated due to 2Quote: “For example, a widespread misconception is that were
less complete observing systems in the past, wheveaB e area enclosed by the B SST isotherm to increase, so too

et al. (2007) maintained that there has been a trend in thewould the area experiencing tropical cyclogenesis... In particular,
number of TCs in the Atlantic, even after a bias is taken intothere is no reason to believe that the region of cyclogenesis will

account. On the other handplland (2007 argued that the  expand with the 28C isotherm.”
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areaA, the vertical temperature, and humidity profiles may NCEP extended SST reconstruction

on the contrary have different effects on TCs intensity and

frequency. 3 _: C e
Hence, the question of whether there is a systematic rela- . > PR« T

tionship between thareaof high SST and number of TCs ) 3 5 Qi
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has not yet been settled. A search wsttholar.google.com B
and ISI web of Science [v3.8Found no publications where
relationship betweed and TC frequency had been studied,
except for the unsupported claim about warm area and fre-
guency inHenderson-Sellers et §1998.

The statement about the relationship between the warm N !
area and cyclogenesis is examined here through a different o tge acaon -5 1L - - -
data analysis approach, ldenderson-Sellers et 998 do ;r;/ | V“U y
not provide convincing evidence for why the cyclogenesis
should not be sensitive to warm pool area. - ‘

Here only the frequency of tropical cyclones in the North- _ & M
ern Hemisphere is examined, and the number of cyclones [ i eivild
does not necessarily give an adequate indication of the sever- ‘ ‘ ‘ ‘ ‘ ‘ ‘
ity of the tropical cyclone activity, as aspects such as trends T o e 0 0 10 10
in individyal c_yclone life times, in_tensitie§_@n et al,._200®, Sememb;jggpuary 2008
and spatial size have not been included in this simple anal-
ysis. The study is restricted to empirical data and statisticaFig. 1. Map showing the regions (here shown as hatched rectangles)
analysis, but it is important that climate models provide sim-in which A was estimated together with the 28@Dand 26.3C
ilar behaviour. isotherms for February 2005 (grey) and September 2005 (black).

The coloured region highlights the areal extent associated with the
September 26T isotherm, and the green dashed lines mark the
2 Data and methods Tropics of Cancer and Capricorn.

at

sst$l

-50

2.1 Data the region 8OW-10° E/0° N—4C° N (the North Atlantic)
plus 100 W-=80 W/15° N-30° N (Caribbean), the North-
West PacificApgcover 110 E-150 W/0° N-40° N, and the
Indian Oceam g over 40 E-110 E/0° N-30° N. Figurel
shows the isotherms for both September (largest extent in the
North Atlantic) and February (smallest extent) as well as the
regions in whichA was computed (hatched regions).
A(t)zzij(Tij(t)—Tcm), (1) The exercises. were repeated .with the crit?cg_l threshold
T.. set to 26.0C in order to examine the sensitivity to this
choice. The value oA is insensitive to the choice of region,

where w;=480 cod¢;)axdépa (radius of the earth ag5|ong as the isotherm definidgdoes not cross the region’s
a=6.378x10°km) is the grid box area in kfp and H  poundaries.

The SST was the NOAA extended reconstruction from
NOAA CDC% and the area was computed from the
longitude-latitude gridded temperatur&g () (units in°C
andi is the index of longitud®é;, j is the latitude index;,
ands is the time) according to:

ij

is the Heaviside function: The eastern and western border of the North-Western Pa-
0 forx <0 cific and the western border of the North Indian Ocean are
Hx)= 1 forx>0. (2) nevertheless regions where the isotherms do extend beyond

B . ] the selected regions, and the subjective choice of where to
Additionally, the analysis repeated for two kinds of tem- ¢at these was guided by the local geography and the local

perature weighted area { and A.). Subscripts, €.9Vat,  character of the isotherm variability in order to minimise the
Npac and Njng, are henceforth used to indicate the region sensitivity with respect ta.

represented by the data/analysis whereas symbols with no Thus, the values oft for the North-West Pacific and the

subscripts are used for more general discussion. North Indian Ocean are associated with a greater degree
The North Atlantic warm regioday was estimated asthe o yncertainty than the North Atlantic. Slightly different

area with SST>26.5°C (Holland 1997 Gray, 1968 over  cpgjces of region does affect the details of the statistical fit
3Carried out 6 August 2008, using the search phrase "cycloneto some degree if it doesn’t enclose all of the warm area, but

area isotherm”. does not alter the conclusions (e.g. see the resuBeires-
“4http://lwf.ncdc.noaa.gov/oa/climate/research/sst/sst.html tad 2006 where a different choice was made: there are some
Sunits in radians differences in the fit, but the conclusion is the same).
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Tropical Cyclones (after) If it can be assumed that (i) there is no systematic change
in the atmospheric conditions, (ii) that the TCs are indepen-
dent of each other, and (iii) TC-formation can be represented
by a stochastic process dependent on favourable SST (i.e.
Bayesian type statistics), then the probability of observing a
TC can be expected to be proportionaldpand the proba-
bility of a TC occurrence can be expressed as:

40

20
l

PrHTC|A) x A. (3

Latitude

The expected number of TCs at any timesE(N), is then
proportional to the probability, and hence the asedn this
case, Eq.J) represents the hypothesis which is tested here.
Since the TCs may disturb their own environment and in-
fluence the large-scale setting, they are strictly not indepen-
dent. It is possible that they are clustered in time as a result
of weak interactions or non-linear behaviour. For instance,
the convection associated with TCs may act to maintain low

-20
l

-40
|

150 -100 -0 0 0 100 150 vertical wind shear by equalising upper and lower level hori-
Longitude zontal momentum, but TCs also remove heat from the ocean
http://www.solar.ifa.hawail.edu/Tropical/Dataltropical surface through their action of vertical redistribution of heat.

One may nevertheless expect an approximate number of
Fig. 2. Map showing the geographical distribution of the North- TCs to be proportional ta if the probability of an event is
ern Hemisphere tropical cyclones (cyclones in the Southern Hemijow, The low seasonal number of cyclones and the fact that
sphere were not included in the data set and are hence not shownga\y TCs coincide in time and space are both consistent with
The black dashed Iilje marks the®10 Iatitude.and the green dashed a low probability of occurrence.
lines mark the Tropics of Cancer and Capricorn. In order to reduce the influence of other factors affecting
the signal-to-noise ratio, the mean seasonal cycle, rather than

This analysis only involves TCs in the Northern Hemi- the individual years, was used for developing a statistical

sphere. The data on North Atlantic/Caribbean (henceforﬂfn(’deI for the relationship between the pumber of TCs and
referred to as “Atlantic”) TCs (1851-2004) was taken from the warm area. If the effect from other influences (e.g. the
the National Hurricane Cenferbut the TC data for the noise) follows a Gaussian distribution, it will tend to cancel
North-West Pacific (1950-2003) and the North Indian Ocean/Nen taking the average over along interval, as long as these

(1971-2002) were taken from US Navy best-trdci@hu &€ unrelated to the seasonal cycle or the SST itself. This
et al, 2002. Figure?2 also shows TC data from HawAii strategy is inspired by similar approaches used in instrumen-

Most of the Northern Hemisphere TCs are seen north ofation, where phase-locking and “choppers” with predefined

10° N, due to the fact that Coriolis force diminished towards fféduencies improve the signal-to-noise ratios (e.g. in optics).
the equator. Furthermore, the low number of TC-events for each

The sorting of TCs into the categories “N.W. Pacific” month or season, which in_ reqlity reflect_s a low probability
and “Indian Ocear? involve some uncertainties regarding Pr(TC|A), hamPerS any attnbuﬂon qnaly3|s. An average over
storms near the 12 longitude (Figure?). Ipnger interval improves the statls_ncal power, but the_que_s-

tion has to be addressed concerning whether the calibration
2.2 Methods is biased by other factors also exhibiting an annual cycle not
related to SST.
The objective of this analysis was to test the hypothesis
whether there is a systematic relationship between the num-
ber of TCs and the warrarea of the region, where SST is S Results
greater thaif,,=26.5°C (here represented by the symbol

Figure3a shows a comparison between the annual cycle of (i
and henceforth referred to as “the warm area”). g b 4 M

the warm area size in the North Atlantic and (ii) the number
of TCs. The annual cycle in the TC4, is represented by
a black dashed line whereas the grey curves represent the

Shttp://www.aoml.noaa.gov/hrd/hurdat/hurdat TAB. txt annual variation inA. The seasonal variation iNay and _
"http://metocph.nmci.navy. mil/jtwc/bestacks/ Apy both shoyv a clear 12-month annual cycle peaking in
8http://www.solar.ifa.hawaii.edu/Tropical/Data/ September (Fig3a).

9This sorting had been done at the data centre.
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It is possible that both respond to the seasonal variation
in the angle of solar inclination, however, this would suggest
that the response would peak in June for latitudes greater than
the Tropic of Cancéf in the Northern Hemisphere, unless
there is a similar lag in the SST and TC response.

Due to high heat capacity, the oceans are expected to react
more slowly, but the atmosphere tends to respond almost in-
stantaneously. Hence, the same phase lag in the two curves
may suggest that the variation in the number of TCs may be
influenced by the oceanic state, and only indirectly by the
seasonal variation in the solar angle of inclination. In the
North Atlantic, the peak itVay and Aay is seen in Septem-
ber when the annual variation in the oceanic heat content is at
maximum (the same month in the year as the sea-ice extent
in the Arctic is at minimum), while in the North-West Pa-
cific (Fig. 3b), ApacandNpacpeak in August fpacis slightly
greater in August than in September).

An interesting observation is that there is not a one-to-one
ratio betweenV and A. For the Atlantic region, there is a
disproportionally high numbeN for the month with great-
est areaA. Thus, the hypothesis (E§) that the number of
TCs is proportional to the warm area therefore appears to be
inconsistent with these results.

For the North-West Pacific, on the other hand, the annual
cycle of Npgcand Apgcexhibits more of a linear relationship,
however, the peak in TC number is still narrower than that of
the warm area.

Over the North Indian Ocean, the seasonal cycle is charac-
terised by a double peak in both temperature-weighigd
andN|ng (Fig. 3c), however, the second peakifyg is more
pronounced than the first, whereas the first peakAfqg is
more prominent than the second. Furthermore, the second
annualN peak in the Indian Ocean lagsby one month.

The relationship between the warm surface area and
the number of cyclones can be explored further through
slightly more sophisticated statistical analysis. The loga-
rithm of the seasonal variation in warm Atlantic surface
area f=log(A)) is compared with the logarithm of the sea-
sonal cycle in monthly mean number of Atlantic TQé
(y=log(N)), and a regression was carried out based on the
modely,, =ax,,+8, wherem represents the different months
in the TC season.

Here a linear relationship was derived between the mean
seasonal cycle of andy taken over the interval 1944—2004.
Only the months withy=In(~N)>—3 (May—December) were
used to calibrate the model. The relationship betweand
vy has a predominately linear character (Fythat implies
the expression:

Fig. 3. The annual variation in surface area of SS26.5C
Nay A06+0.25 (4) (A; grey) and the number of TCsV( dashed) for thga) At-
lantic/Caribbean basir{p) the North-West Pacific, anft) the In-
The linear least-squares regression analysis returnge a dian Ocean, but for a temperature-weighted arég)( All the

Atl

Standardised area/#TCs

Standardised area/#TCs

Standardised area/#TCs

™

Seasonal variations: North Atlantic/Carribean

Calendar month (repeated twice)

Seasonal variations: Norhwest Pacific

Calendar month (repeated twice)

Seasonal variations: Indian Ocean

5 10 15 20

Calendar month (repeated twice)

value for this relationship of the order 1) adjusted curves have been standardised.

10 ocated at 23 5north of the equator.
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The Atlantic basin
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Fig. 4. Scatter-plot of seasonal valueslog(A) and y=log(n) Fig. 5. Scatter-plot of seasonal valueslog(4) and y=log(V) for

for the Atlantic basin. Heret is in units of knf and N in num- the Atlantic, North-West Pacific and Indian ocean basins. Hege
ber/month. Both calibration (dependent) and independent data arg units of kn? and N in number/month and the calibration of the
shown. Only the months with {iV)>—3 were used to estimate the fits and the data presented involve all available data. The dashed
best-fit, but these months are also shown as open symbols (indepefines show the best linear-log fits, where the black line represents
dent validation data). the combined fit for the Atlatnic and the North-West Pacific.

R?=0.98, andF-statistic of 398 on 1 and 6 degrees of free-  So far, the possibility that other factors important for TCs
dom (DF). The same tendency was seen in the independemiso exhibiting an annual cycle cannot not be ruled out, de-
data over the 1851-1943 period (red symbols in Bjgand  spite the similar phase lag fo¥ay and Aay with respect to
the months with very few TCs (open symbols). solar inclination angle.

The figure shows less than 12 data points for each ocean One way to isolate and assess the importance of the warm
basin, but each value is a mean estimate of many measursea area with respect 6 is then to use the statistical rela-
ments. The fact that the older independent data shows théons derived above to predict year-to-year variations in the
same statistical pattern as the calibration data suggests thatseasonal mean number of TCs over an interval represent-
deterioration in the data quality, if present, does not have ang independent data, and subsequently evaluate against the
strong effect on this analysis. observations (Fig8). This kind of approach was used by

Figures5-7 show a combined log-log scatter plot for the Michaels et al(2006 to assess the association between SST
three ocean basins, and the relationships revealed in this pl@nd the total number of annual TCs, however, here the SSTs
point to some intriguing features. The data representing th€in their analysis averaged over 19-25 N and 15 W-
North-West Pacific indicates similar linear relationship be- 80° W) were substituted with the predicted values using ex-
tween thex andy as in the North Atlantic/Caribbean, but pressiond (note, the conclusions drawn here contrast with
the slope is slightly weakeWpacoc Apari03’ (AdjustedR-  those made blichaels et al.2006. One limitation is that
squared=0.93F-statistic=146 on 1 and 10 degrees of free- Eq. @) only gives an approximate value, as the relationship
dom, andp-value=27x10""). is non-linear, and the seasonal mean value may not capture

The relationship over the North Indian Ocean is poor high values associated with highin individual months.
although the best-fit suggestedng o A>4H10 (Ad- When the simple model (Eq4) was applied to the
justed R-squared=0.35F -statistic=5 on 1 and 7 DF, angt hurricane-season meatyy (June—November) of each year
value=0.05). The double peaks in both,g and Njnq are over the 1944-2004 interval (blue curve), a correlation of
somewhat consistent with a close association, but the phas&35 was achievedpfvalue=0.005, assuming independent
match is not perfect as the secalgy peaks one month later and identically distributed data). The results were not
than corresponding 7 (Fig. 3c), and the magnitudes of the sensitive to the particular choice for critical threshold, as
peaks are not consistent. Furthermore, the log-log points iwhen 7,,=26.0°C was used, the correlation was 0.37- (
Fig. 4 fall outside the linear fit. value=0.004).
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Fig. 6. Scatter-plot of seasonal valueslog(Ar) andy=log(N) for  Fig. 7. Scatter-plot of seasonal valueslog(4.) and y=log(N)
the Atlantic, North-West Pacific and Indian ocean basins. Here theor the Atlantic, North-West Pacific and Indian ocean basins. Here
temperature-weighted 7 is in units of°Cxkm? and N in num-  the peak-over-threshold; is in units of°Cxkm? and N’ in num-
ber/month and the calibration of the fits and the data presented inber/month and the calibration of the fits and the data presented in-
volve all available data. The dashed lines show the best linear-log,olve all available data. The dashed lines show the best linear-log

fits, where the black line represents the combined fit for the Atlatnicfits, where the black line represents the combined fit for the Atlatnic
and the North-West Pacific. and the North-West Pacific.

For the older data (representing 1851-1943; red curveps input for Eq. 4), the predictions provide a reasonable de-
with presumed lower quality, the analysis with),=26.5C scription of the long-term evolution in the number of TCs
gave a weaker correlatiom=£0.28), but it was still statisti-  (right panel), with the exception before 1900. The simple
cally significant at the 1% levep(value=0.0087,,=26.0°C statistical model based on this expression (BEqcaptures
gaver=0.29 with p-value=0.006). the rapid increase in the number of TCs for the 2005 season,

In other words, the empirical expression captures some ofis well as weak trends in the past.
the year-to-year variations in the TC numbers over the inde- A similar analysis with temperature-weighted area
pendent evaluation period. The area of high SST do by ndAr(1)=3_;; w;v:j (1) xH(T;;(1)—T.)), where each grid-
means explain most of the year-to-year variability, and thebox was scaled by;;(¢) (in °C) gave similar results, al-
large differences between the predictions and observationthough improved correlations for the North-West Pacific
also suggest that other factors are important in determinindfor 7.,=26.0°C r=0.29 with a p-value=0.07 over the in-

N. dependent years 1950-1987). Since the temperature in

A similar correlation analysis for the North-West Pa- the grid-box whereT;;(1)>T,, are of similar magnitude
cific over the independent years 1950-1987 yielded a weak26°C<y;; (1)=T;;(¢)<35°C), the effect of the scaling only
correlation £=0.23) with a p-value of 0.17 {,,=26.0°C: modifies the area-based analysis. When the peak over thresh-
r=0.11 with a p-value=0.53), and a negative correlation old (y;;(1)=T;;(t)—T..) were used as scaling, however, then
(r=—0.29) for the Indian Ocean over the interval 1971-1992the results suggested a weak relationship.

(p-values=0.18)L. These results are similar to the correla-
tions between regional mean SSTs and the ACE found by4 Discussion
Klotzbach(2006, with positive correlations in the North At-

Iant?c and North-West Pacific and negative over other oceaRrhig study does not attempt to provide a rigorous physical
basins. _ _ basis for the non-linear SST-dependent behaviour. Instead,

An assessment of the number of TCs estimated accordingmpjrical evidence is analysed in a new way to shed light on
to Eq. @), based on the trend ilaq, also appears to provide  ihe relationship between the number of TCs and the area of
a rough description of the long-term trend: When taking agsT-.26.5°C. The analysis suggest that it is the area of the
polynomial trend Benestad2003 in A (Fig. 9, left panel)  \yarm region, rather than the excessive temperatures above
the threshold values, that is important for the cyclone num-
ber.

11For1,,=26.0°C the same correlation for the Indian Ocean gave
—0.27 (p-values=0.20)
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Obs. & predicted TC frequency/season The statistical models trained on seasonally varying values
(Eq.4) did not yield skillful predictions for year-to-year vari-
ations inN over the North Indian Ocean. The reason for the
negative correlation between predicted and observed year-to-
year variations inV|,g may be associated with the different
magnitudes in the double-peak structure, weak statistical re-
lation, and the large scatter in seen in Fg.Furthermore,

the phase match betweén and A was not perfect for the
Indian Ocean.

The physical explanation for this may be the small an-
nual variations inA, constraints imposed by the northern
boundary, or that the variations in SST above the threshold
value mainly take place southward of the Tropic of Can-
cer. The northern boundary of the Indian Ocean is close
to the Tropic of Cancer (Fidl), and southward of this lat-
itude the solar inclination angle reaches a maximum twice
a year. Hence much of the variation in the North Indian
Ocean warm sea region may take place southward of 28.5

where the solar inclination is expected to exhibit a double
Vonthes _ 11 peak. Furthermore, the southwest Asian Monsoon has a sim-
ilar twice-a-year wind reversal over the Indian Ocean, and
Fig. 8. Observed and predicted for the Atlantic, based on Ecd. the Indian Ocean winds influence the seasonal evolution of
Correlation coefficients are provided in the legefigi€26.5°C). surface fluxes, convection, and ultimately affect the SSTs.
There is a close coupling between the tropical ocean and the
atmosphere.

Itis possible that the relationship found here may be more The value forN over the Indian Ocean was in genera|
complicated than it first appears, as other conditions als@bove the predictions on in Fig. 5, which is also consis-
undergoing similar annual cycles may introduce misleadingtent with the explanation that some TCs may originate in the
biases in the end results. On the other hand, factors othepacific basin but end up in the Indian Ocean.
than SST that may affect TCs are most likely not indepen- |t is also possible that the low year-to-year correlation
dent of the SSTs (shear, humidity, CAPE, ERNj etc.), so  and low statistical significance for the Indian Ocean and
that the area of the warm sea may also be regarded as prodje North-West Pacific may be a result of lower data qual-
for all these aspectChauvin et al. 2006. Klotzbach and ity in these basinsL@andsea et al2006, shorter series, or
Gray (2008 argued, however, that the statistical description due to stronger influence from other factors such as atmo-
is improved by combining sea-level pressure with SST in thespheric conditions not directly related to the warm pool area
statistical analysis of TCs. (Chan 2006 Klotzbach 2006. Both the Indian Ocean and

One interesting aspect is the tendency of similar linear log-North-West Pacific records are short compared to the At-
log relationship betweewV and A in the Pacific Ocean and |antic record, and the annual cycles are hence more strongly
the Atlantic, but a different character in the Indian Ocean affected by noise.
basin. Holland (1997 suggested that different mechanisms  There are further limitations to the data on which this anal-
may be operating in different ocean basins, abdhimura  ysjs rests, as the TC series should not be considered ho-
et al.(2006 found from model studies that there may be dif- mogeneous. The Atlantic TC data after 1944 is thought to
ferent response in the TC statistics to a global warming. Fomhave higher quality than the earlier observatid®slfenberg
instance, the El Nio Southern Oscillation (ENSO) has dif- et al, 2001), however, the hurricane record is most reliable
ferent effects on tropical cyclones in the North-West Pacific after 1970 Trenberth et a).2007).
and the North Atlantic. The ability to detect TCs in the open Atlantic has increased

The different oceans are characterised with different dy-substantially over time as aircraft reconnaisance and (in the
namics (ocean currents), geometry, and overlying atmo-970s) satellite monitoring have become available. These
spheric circulation (e.g. monsoon systems, easterly waves)mprovements in detection tools may have led to enhanced
all of which may play a role in terms of cyclogenesis. Fur- probability of detection of weak and remote TCs over time,
ther work is required to discriminate the role of atmosphericalthough estimated maximum potential intensities of tropical
processes from the effect éf. So far, only similar phase lag cyclones appear to show some agreement with the observa-
in the annual cycle and independent year-to-year correlatiofions (Henderson-Sellers et a1998.
analysis suggest a connection. Yet others argue that the best data quality is confined

to more recent measurements, Kletzbach (200§ argued

< * Mean observed N
—— Predicted indep. 0.29
—e— Predicted dep. 0.36

Season mean number of TCs

T
1850 1900 1950 2000
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Fig. 9. (a) The area of the Atlantic warm regiof and (b) a reconstruction of the trend iN for historic Atlantic TCs based on trend in
Nay A6A-tﬁ54. Here a polynomial trend model was used because of the non-linear relationship bayeand Ny . HereA is in units of

km? and N in number/month7.,;=26.5°C).

that an improvedDvorak technique due to the introduc- Increases in the convective available potential energy
tion of IR measurements has enhanced the quality of thd CAPE) are associated with increased near-surface temper-
maximum wind estimates since 1984. Thus, there may bature Gettelman et a).2002, suggesting that an increased
inhomogeneities introduced by problems in measuring andvarm area may enhance convection over a greater region and
estimating the hurricane intensities due to satellite improve-hence cause a more widespread vertical equalisation of hor-
ments [andsea et al2006, but a comparison with older in- izontal momentum, and thus act to reduce the vertical shear.
dependent data (Fig) suggests that analysis presented hereHence, the role TCs play in the vertical redistribution of mo-

is not sensitive to such inhomogeneities. mentum and their effect on the ambient atmosphere may en-

Using the seasonal variationsinandN defined over the  hance the conditions of TC formation and growth. It is there-
1944-2004 interval will to some extent also alleviate prob-fore plausible that the TCs are organised in time clusters,
lems associated with inhomogeneities in the TC record. Thavhere the presence of one TC creates conditions that may
fact that the correlation analysis between predictions basefhvour the genesis of subsequent TCs, given sufficiently large
on Eqg.4 and actual observations yielded results significantarea over which they can form. It is also plausible that a ver-
at the 1%-level foindependenfolder) data, provides strong tical re-distribution of heat and moisture, as a result of TC
support for the statistical model established here for the At-activity may, on the other hand, inhibit further TCs, if TCs
lantic/Carribean basin. Evaluation against independent dataqualise the vertical distribution of heat through some kind
by dividing the data in to two periods, is a more stringent testof “discharge mechanism”.
than simply using cross-validatiof\lks, 1995. Further- Another speculation is whether time clustering of TCs
more, months with lowV (y<—3) were excluded from the may be associated with a modulation of TC occurrence by
model training, but also these are approximately in line withthe Madden-Julian Oscillation (MJO), or conversely that the
the model predictions. MJO is affected by the TCs.

The warm area cannot account for all the variability and Atlantic TCs are often triggered by 2000-3000 km long
other factors, such as atmospheric conditions, also affect thafrican easterly waves (AEWs) emanating from the African
number of TCs. An intriguing question is whether the annualcontinent, associated with strong contrasts in temperature,
variation of such factors are independent or affected by themoisture and wind flow across West Afric&Hronis et al.
warm area.Chauvin et al(2006 found that the SSTs had 2007. There tends to be 30-60 AEW episodes each sum-
a significant effect on the TC statistics, but was not the onlymer. Thus, the number of AEWSs are likely to constraixy .
factor. Their results suggested that the spatial SST structure Different trigger mechanisms may be present for different
was important as well as the magnitude. oceans, and AEW are limited to the Atlantic basin. West-

erly wind bursts in the Pacific, and other situations where the
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convection starts to achieve a certain circular structure may This study involved no physical basis as such, as it merely
spawn cyclones. Furthermore, the geography will provide arpresented empirical data in a new fashion to outline some
upper bound for the TC numbers (especially for the Northernintriguing features. The results derived here falsify two hy-
Indian Ocean). potheses: (i) that TCs are random and (i) tivais insensi-

For a stochastic and static process, the number of eventtive to A as claimed byHenderson-Sellers et §[1998.
(k) is expected to be distributed according to the Poisson dis-

tribution: Pl(X:k|A)=“k,f;“. The question of how to regard
wu inthe case of TCs, as an average over timegx oravari- 5 Conclusions

able u=pu () conditioned by changing external conditions,

has a bearing on how should be modelled statistically. If Here empirical data has been organised and presented in a
p varies withA, e.g. from season to season, one cannot exnew fashion. The correlation analyses between predictions

pect the distribution for all historical TCs to follow a Poisson and year-to-year variations in the seasonal mean TC-number
distribution if all events are put into one single batch. suggest that a simple statistical model, based on the warm sea

Finally, a non-linear relationship betweenand N may  area, captures a part of the variations over the North Atlantic
explain why linear trends in the TC frequency has not beenand Caribbean basins, to a lesser degree over the North-West
detected in the past: There is a substantial responseoimly  Pacific, but not over the North Indian Ocean. For the At-
when A reaches a certain size. lantic basin, these results are inconsistent with TCs being

The non-linear relationship implies one caveat: takingpurely stochastic processes taking place over warm ocean
the meanA over a season will not provide an exact esti- regions, and provide strong evidence for a real connection
mate of N over the same season for a non-linear relationshippetweenV and A. Thus, these conclusions are inconsistent
(N(t)=c [, A*(t)dt#cA"t), especially for high values of.  with the claim that the region of cyclogenesis will not expand
Thus, these results should only be regarded as approximatewith the 26.5C isotherm. These results furthermore suggest

These results may seem to disagree with most GCM-basethat there may be a non-linear relationship between the area
studies Meehls et al.2007 Chauvin et al.200§ Yoshimura  of high SST and the number of TCs in some ocean basins,
et al, 2000, but this analysis only took into account varia- which can explain why there in the past has not yet been a
tions in the warm area, and changes in the atmospheric erclear linear upward trend in the number of TCs associated
vironments do also play a role. Competing effects, such asith the general warming. It also explains the recent upturn
greater hydrostatic stability, and wind shear may counter-actn the number of TCs. One important caveat of this study is
the effect of higher SSTs. However, these findings seem tahat it is based purely on a limited selection of empirical data.
be in line withLau et al.(2008.
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