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Trend in storm track density (1878-2006)



Clear increase in recorded number of 
Atlantic tropical storms since late-19th Cy.

Source:  Vecchi and Knutson , J. Climate, 2008.



Records of Atlantic TS Frequency 
well-correlated to Atlantic SST

Source:  Emanuel (2006); Mann and Emanuel (2006) EOS.  See also Holland and Webster (2007) Phil. Trans. R. Soc. A



Real change in TS frequency?



Characteristics of recorded storms 
exhibit strong secular changes, 

e.g., fraction of storms hitting land

Source:  Landsea, EOS, 2007.
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Fig. 2. (a) The 1900–2006 record of number of 
tropical cyclones in the Atlantic basin, stratified 
by those that struck land (e.g., as a tropical 
storm, subtropical storm, or hurricane) versus 
those that stayed over the open ocean. The 
solid line is the 1900–2006 long-term mean 
of 9.2 per year. (b) Percentage of all reported 
tropical storms, subtropical storms, and hur-
ricanes that struck land. (c) A bias-corrected 
time series of tropical storms, subtropical 
storms, and hurricanes to take into account 
undercounts before the advent of geostation-
ary satellite imagery in 1966 and new technol-
ogy available since about 2002. The adjusted 
1900–2006 long-term mean is 11.5 per year.



Characteristics of recorded storms 
exhibit strong secular changes, 
e.g., time as tropical depression

Source:  Vecchi and Knutson , J. Climate, 2008.



Ability to observe cyclones has also 
changed with time: e.g., new technologies

Source:  Landsea, EOS, 2007.
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coastline, such that if even a weak tropical 
storm struck it would likely have been 
detected and recorded. However, this begin-
ning date of 1900 of having recorded all 
tropical cyclones that have struck land may 
be somewhat optimistic, especially for 
short-lived, relatively weak tropical storms. 
Consider the detection 
difficulties of a 1-day tropical cyclone such 
as Gert, which struck Mexico in 2005 in a 
sparsely population region of the coast and 
produced no observed surface tropical 
storm force winds, caused minimal impact, 
and was only identified as being a tropical 
cyclone via satellite imagery and aircraft 
reconnaissance. Therefore, conclusions from 
this paper on the number of ‘missed’ tropical 
cyclones are likely conservative.

The linear correlation coefficient 
between the frequency of all tropical 
storms and those that struck land is a very 
high 0.87 for 1900–2006. This value might be 
somewhat surprising given that some years 
can be quite active yet places such as the 
continental United States can be relatively 
untouched (such as what occurred in 2000 
and 2001) or seasons that are quiet can 
have large U.S. impacts (such as 1992 with 
Hurricane Andrew). The likely reason for 
such a strong association between the fre-
quency of all tropical cyclones and those 
that strike land is that taking into consider-
ation all landmasses (i.e., Mexico, Central 
America, the Caribbean islands, Bermuda, 
Canada, and the Azores) in addition to the 
continental United States makes it much 
more likely that overall busy years will have 

many landfalls and quiet seasons generally 
will have fewer tropical cyclone strikes on 
land.

However, differentiating between the fre-
quency of tropical cyclones that struck land 
versus those that remained over the open 
ocean shows that more of the latter were 
observed in recent decades compared with 
earlier in the twentieth century (Figure 2a). 
Figure 2b shows the tropical cyclone data 
expressed as an annual percentage that 
make landfall. In the era since geostationary 
satellite imagery began, in 1966 [Neumann et 
al., 1999], the average is 59%. While sizable 
interannual variations are present, this value 
of slightly more than half is quite stable 
across the four decades of satellite coverage 
including periods of both active hurricane 
seasons (62% from 1995 onward) and a 
quiet hurricane regime (59% from 1971 to 
1994). This value is even steady within the 
active era between seasons with numerous 
U.S. landfalling cyclones in 2004 and 2005 
(65%) and relative lack of strikes in the 
United States between 1995 and 2003 (60%). 
Again, it is likely that the inclusion of tropi-
cal cyclones to make landfall in any land-
mass—in addition to those that just hit the 
continental United States—minimizes the 
long-term variability of the percent that 
strike land caused by genesis location and 
steering pattern changes. 

However, data from the first 66 years, 
shown in Figure 2b, have a quite different 
long-term character, with an average of 75% 
of tropical cyclones striking land. While 
there were no years with more than 80% 

striking land from 1966 onward, there were 
15 years between 1900 and 1965 in which all 
(100%) recorded tropical cyclones struck 
land that season. This difference in the long-
term percentage of tropical cyclones that 
struck land (75% from 1900–1965 versus 59% 
from 1966–2006) indicates a large bias 
toward underreporting of tropical cyclones 
that remained over the open Atlantic Ocean. 
Even though aircraft reconnaissance began in 
1944, this covered only about one half of the 
Atlantic basin, as systems east of 55°W were 
generally not monitored or observed with this 
type of observational platform. Thus aircraft 
reconnaissance should not have been 
expected to provide complete monitoring of 
all tropical cyclone activity in the Atlantic.

‘Missed’ Cyclones 

Assuming that a similar long-term average 
of about 59% of tropical cyclones actually 
struck land during 1900–1965, this increases 
the record by 2.2 additional tropical 
cyclones per year for this earlier era. Such a 
broad-brush approach assumes that the 
amount of shipping remained constant 
throughout the first two thirds of the twenti-
eth century, which it certainly has not. This 
technique could, and should, be refined in 
the future to take into account shipping den-
sity variations over time and how this would 
be manifested in observations of tropical 
cyclone frequency, duration, and intensity. 

The frequency of ‘missed’ tropical 
cyclones in the nineteenth century would 
likely be substantially larger because of the 

Fig. 3. (a) Surface marine observations available in the Atlantic basin around 1200 UTC for a typical day in 1907. These observations were based 
entirely on ship measurements. (b) Same as Figure 3a but for a typical day in 2007. These data include moored and drifting buoys, Quikscat, as well 
as ship observations. (c) Depiction of new monitoring and analysis technologies (advanced microwave sounding unit tropospheric temperatures 
[Brueske and Velden, 2003], Quikscat [Atlas et al., 2001], and the cyclone phase space analyses [Hart, 2003]) that have increased Atlantic tropical 
cyclone counts by about one additional system per year.



Ability to observe cyclones has also 
changed with time: e.g., ship track density

Source:  Vecchi and Knutson , J. Climate, 2008.



Probability we cannot exclude a 
storm from having been missed

Source:  Vecchi and Knutson , J. Climate, 2008.

• Storms near land least 
likely to have been 
“missed”

• “Detectability” increases 
with time.



Trend from 1878-2006:  Not significant (p=0.05, 2-sided tests, computed p-val ~0.2)
Trend from 1900-2006:  Is significant at p=0.05 level

Source:  Vecchi and Knutson, J. Climate, 2008.

Atlantic Tropical Storm counts show no significant trend from 1878 after adjusting 
for ‘missing storms’ based on ship track densities.



Missing storm adjustments to HURDAT storms (1878-2007)

Source:  Vecchi and Knutson, J. Climate, 2008.



Tropical storm duration exhibits a large 
decrease, even with adjustment: why?

Source:  Vecchi and Knutson, J. Climate, 2008.



Source:  Landsea, Vecchi, Bengtsson and Knutson, J. Climate, 2010.

Recorded increase in storm counts comes from 
short duration storms



Atlantic tropical storms (< 2 day duration) show a strong rising trend, but storms of 
>2 day duration--adjusted for missing storms--do not show a trend.

14

Adapted from:  Landsea, Vecchi, Bengtsson and Knutson, J. Climate, 2010.



Short duration storms don’t 
exhibit correlation to SST 
beyond sharing trend

>2day duration storms show a 
physically-sensible correlation to 
SST

Adapted from:  Villarini, Vecchi, Smith and Knutson, J. Geophys. Res., 2011.



Hurricane frequency



source: Vecchi and Knutson (2011, J. Climate)

Adjustment to hurricane counts leads to a 
nominal long-term decrease in hurricanes.

Significant increase in HURDAT
recorded hurricane frequency

Accounting for observing system 
changes, cannot reject null 
hypothesis of no long-term 
change in frequency.



Fraction of Hurricanes Making U.S. Landfall as Hurricanes

AdjustedRaw HURDAT



Hurricane activity shifts eastward in long-term
(similar change in TSs)

source: Vecchi and Knutson (2011)



Projected 21st Century Changes in Vertical Wind Shear
from Vecchi and Soden (2007, GRL)

“storm-friendly” “storm-hostile”

Over swath of tropical Atlantic and East Pacific, increased wind-shear.

If (big IF) eastward shift is real, is it response to anthropogenic increase in 
shear?

Average of 18 models, Jun-Nov



Sources:  
     Vecchi and Knutson (2008)
     Landsea et al. (2010)
     Vecchi and Knutson (2011)



Villarini et al (2011, J. Clim. in press)

Fig. 2. Comparison of fractional tropical storm count changes between dynamical and
statistical models. In the upper panels, the statistical model uses both tropical Atlantic and
tropical mean SSTs, while in the bottom panels only tropical Atlantic SST was used as a
covariate. The results in the left panels are based on the models constructed using NOAAs
Extended Reconstructed SST dataset, while those on the right using the UK Met O!ces
HadISSTv1 SST dataset. The grey lines represent the 90% prediction intervals for the linear
regression model.

33

%
 C

ha
ng

e 
T

S 
Fr

eq
. S

ta
tis

tic
al

 M
od

el

% Change TS Freq. Dyn. Models

Fig. 2. Comparison of fractional tropical storm count changes between dynamical and
statistical models. In the upper panels, the statistical model uses both tropical Atlantic and
tropical mean SSTs, while in the bottom panels only tropical Atlantic SST was used as a
covariate. The results in the left panels are based on the models constructed using NOAAs
Extended Reconstructed SST dataset, while those on the right using the UK Met O!ces
HadISSTv1 SST dataset. The grey lines represent the 90% prediction intervals for the linear
regression model.

33
Fig. 2. Comparison of fractional tropical storm count changes between dynamical and
statistical models. In the upper panels, the statistical model uses both tropical Atlantic and
tropical mean SSTs, while in the bottom panels only tropical Atlantic SST was used as a
covariate. The results in the left panels are based on the models constructed using NOAAs
Extended Reconstructed SST dataset, while those on the right using the UK Met O!ces
HadISSTv1 SST dataset. The grey lines represent the 90% prediction intervals for the linear
regression model.

33Fig. 2. Comparison of fractional tropical storm count changes between dynamical and
statistical models. In the upper panels, the statistical model uses both tropical Atlantic and
tropical mean SSTs, while in the bottom panels only tropical Atlantic SST was used as a
covariate. The results in the left panels are based on the models constructed using NOAAs
Extended Reconstructed SST dataset, while those on the right using the UK Met O!ces
HadISSTv1 SST dataset. The grey lines represent the 90% prediction intervals for the linear
regression model.

33

Fig. 2. Comparison of fractional tropical storm count changes between dynamical and
statistical models. In the upper panels, the statistical model uses both tropical Atlantic and
tropical mean SSTs, while in the bottom panels only tropical Atlantic SST was used as a
covariate. The results in the left panels are based on the models constructed using NOAAs
Extended Reconstructed SST dataset, while those on the right using the UK Met O!ces
HadISSTv1 SST dataset. The grey lines represent the 90% prediction intervals for the linear
regression model.

33

Statistical model built on homogeneized SST gives results 
consistent with high-resolution dynamical downscaling techniques



Summary
• Changes in observing practices have left a mark on our hurricane 

databases:
– We will never know with certainty what TS or hurricane frequency was at the beginning of 20th 

Century
– We can estimate what the influences of changing observing systems have been.

• Increase in TS frequency driven by increase in very short duration 
storms, which appears to be spurious.

• Century-scale decrease in West Atlantic hurricane and TS activity.
• No observed long-term change in U.S. landfalling activity.

• It is premature to claim an anthropogenic increase in basin-wide 
Atlantic TS or hurricane frequency.
– Cannot reject null that frequency has not changed (no detection)
– Competing dependence on SST (local and remote) prevents two-step attribution

• Homogenized historical records and dynamical models are consistent 
with the interpretation that relative Atlantic SST is key index
– It’s not a warm/cool Atlantic, but a warmer/cooler Atlantic that is key
– Currently precludes attribution to greenhouse forcing, implies small changes, large variability.


