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https://www.houstonchronicle.com/local/hc-investigations/harvey/one-year-later/
see also: https://www.houstonchronicle.com/news/houston-weather/hurricaneharvey/article/Then-and-now-photos-show-how-Hurricane-Harvey-13155174.php

track, Wikipedia 

https://en.wikipedia.org/wiki/Meteorological_history_of_Hurricane_Harvey
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Hurricane Katrina

9/22/18, 1(02 PM

Humans Are Making Hurricanes Worse. Hereʼs How. - The New York Times
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https://www.nytimes.com/2018/09/19/climate/humans-hurricanes-causes-effects.html?login=email&auth=login-email

CLIMATE

NEWS ANALYSIS

Humans Are Making

Hurricanes Worse. Here’s How.

By John Schwartz

Sept. 19, 2018

When hurricane Florence struck the Carolinas last week, humanity played a role in the

destruction.

Human intervention is making natural disasters unnaturally harmful, both in causes and

effects, and the number of ways our own influence is making things worse, taken

together, is sobering.

On a global scale, we are bolstering the destructive potential of hurricanes and other

extreme weather events by driving climate change. At the local level, we remain reluctant

to deal with the problems of our own making, building and rebuilding in risky areas even

as we avoid the policies and investment that would help mitigate the threats.

Kim Cobb, a climate scientist at the Georgia Institute of Technology, said that people

tended to think of climate change as an abstract problem with only technocratic solutions.

But it is getting more concrete all the time, and requires real-life action in response.

“This year has shown us that climate change is a present-day threat to the safety and

livelihoods of communities across America,” she said. “Some communities are tackling

these issues head on, but some have their heads in the sand.”

‘Human interference’ is making hurricanes more destructive

NOAA image of Hurricane Katrina, Aug. 29, 2005 at 10:15 AM
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workshop 1a,b 

Did Hurricanes get stronger/more frequent already? 

Plot time series of  
(a) number of Atlantic hurricanes 

(b) proxy for destructiveness of hurricanes (“power 
dissipation index”)
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Are hurricanes getting stronger?  
Power dissipation index vs SST, (PDI to be defined more precisely shortly)

r2 of PDI/SST (unsmoothed):                       0.1846
r2 of PDI/SST (unsmoothed, 1950–today):  0.1693
r2 of PDI/SST (smoothed):                           0.3125
r2 of PDI/SST (smoothed, 1950–2005):       0.6533
r2 of PDI/SST (smoothed, 1950–today):      0.3191

Following 
Emanuel 2005
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Are Hurricanes getting more frequent?
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Number of Atlantic hurricanes per year

(data from Vecchi & Knutson 2011)
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Workshop: (1c,d): Calculate the correlation between 
SST and “hurricane strength” (PDI)

Emanuel 2005

Hurricane strength (PDI, dash)  
& Atlantic SST (solid) 15,000 Katrina refugees crowd the floor of the Reliant Astrodome 

September 2, 2005 in Houston, Texas.  Dave Einsel/Getty Images

https://miljomytene.no/2019/05/10/new-orleans-og-orkanen-katrina-den-riktige-forklaringen/

Figure 2 | Annually accumulated PDI for 
the western North Pacific, compared to 
July–November average SST. The HadISST 
(with a constant offset) is averaged over 
58N–158 N, 130E–180E. Both time series 
have been smoothed twice. Power 
dissipation by western North Pacific 
tropical cyclones has increased by about 
75% in the past 30 yr. 
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Katrina, August 2005

Workshop: (1c,d): Calculate the correlation between 
SST and “hurricane strength” (PDI)

Emanuel 2005

Hurricane strength (PDI, dash)  
& Atlantic SST (solid) 15,000 Katrina refugees crowd the floor of the Reliant Astrodome 

September 2, 2005 in Houston, Texas.  Dave Einsel/Getty Images

https://miljomytene.no/2019/05/10/new-orleans-og-orkanen-katrina-den-riktige-forklaringen/

Figure 2 | Annually accumulated PDI for 
the western North Pacific, compared to 
July–November average SST. The HadISST 
(with a constant offset) is averaged over 
58N–158 N, 130E–180E. Both time series 
have been smoothed twice. Power 
dissipation by western North Pacific 
tropical cyclones has increased by about 
75% in the past 30 yr. 
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Hurricanes development

https://www.youtube.com/watch?v=4f45jA5UxB0

How a Hurricane Is Born | The Science of Superstorms | BBC
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Hurricanes development
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How a Hurricane Is Born | The Science of Superstorms | BBC
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Hurricanes development

Atmospheric 
convection! 

https://www.youtube.com/watch?v=wPDoIrGUrEc 

NOAA SciJinks

https://www.youtube.com/watch?v=wPDoIrGUrEc
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Hurricanes development

The Coriolis 
force!

https://www.youtube.com/watch?v=wPDoIrGUrEc 

NOAA SciJinks

https://www.youtube.com/watch?v=wPDoIrGUrEc
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Hurricanes categories

The Saffir-Simpson Scale for measuring the size and effects of hurricanes in the Atlantic. Credit: PA Graphics

https://phys.org/news/2019-09-hurricane-dorian-destructive.html
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Notes section 8.2:  
Potential Intensity & Hurricane Power Dissipation/ 

Power Dissipation Index (PDI) 
(use following slide) 

Why are Hurricanes expected to get stronger in a 
warmer climate? 

How do we calculate expected hurricane intensity 
from SST?
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Potential intensity (K. Emanuel)
Use hurricane energetics to estimate its wind magnitude as a function of SST
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Potential intensity (K. Emanuel)
Use hurricane energetics to estimate its wind magnitude as a function of SST
Energy source: evaporated ocean water that condenses within the 
atmosphere and releases latent heat (energy per unit time per unit area).

G = ϵLρairCkVs ⋅ (q*(T, ps) − qa) = ϵLρairCkVs ⋅ q*(T, ps)(1 − RH)
Efficiency of conversion of heat to kinetic energy (for idealized Carnot cycle): 

ϵ = (TH − TC)/TH ≈ 1/3
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Potential intensity (K. Emanuel)
Use hurricane energetics to estimate its wind magnitude as a function of SST
Energy source: evaporated ocean water that condenses within the 
atmosphere and releases latent heat (energy per unit time per unit area).

G = ϵLρairCkVs ⋅ (q*(T, ps) − qa) = ϵLρairCkVs ⋅ q*(T, ps)(1 − RH)
Efficiency of conversion of heat to kinetic energy (for idealized Carnot cycle): 

ϵ = (TH − TC)/TH ≈ 1/3
Sink: dissipation due to friction with surface: (again energy per time per area): 
force*distance/time:

  D = CDρairV2
s × Vs = CDρairV3

s
J

s m2

Source=Sink: D=G
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Potential intensity (K. Emanuel)
Use hurricane energetics to estimate its wind magnitude as a function of SST
Energy source: evaporated ocean water that condenses within the 
atmosphere and releases latent heat (energy per unit time per unit area).

G = ϵLρairCkVs ⋅ (q*(T, ps) − qa) = ϵLρairCkVs ⋅ q*(T, ps)(1 − RH)
Efficiency of conversion of heat to kinetic energy (for idealized Carnot cycle): 

ϵ = (TH − TC)/TH ≈ 1/3
Sink: dissipation due to friction with surface: (again energy per time per area): 
force*distance/time:

  D = CDρairV2
s × Vs = CDρairV3

s
J

s m2

Source=Sink: D=G

➨ “potential intensity”:     V2
s =

SST − TC

SST
L q*(T, ps) (1 − RH)

Due to q*(T) factor, this is exponential in SST, increasing about 6–7% per °C



Global Warming Science 101, Hurricanes, Eli Tziperman

Clausius Clapeyron

Saturation specific humidity, in 
kg moisture/kg moist air, at sea 
level pressure (1000 mb)

exponential in SST,  
~7% increase per degree C

q⇤(T ) = 1577 · 103e�5415/T
<latexit sha1_base64="HxMuy3vU5Fa8b6+EwVk46KzPRnA="></latexit>
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Converting heat to Kinetic energy: Carnot Heat Engine

http://galileoandeinstein.phys.virginia.edu/more_stuff/flashlets/carnot.htm
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Converting heat to Kinetic energy: Carnot Heat Engine

http://galileoandeinstein.phys.virginia.edu/more_stuff/flashlets/carnot.htm
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Hurricane as a Carnot Engine (K. Emanuel)

5 More! e�ciency of heat engine, a hurricane as a heat

engine

Entropy reminder: To understand the calculation of the e�ciency ✏, we need to consider
the Carnot cycle, and that requires a reminder of what entropy is. When a small amount of
heat dQ is gained or lost by a system at a temperature T , the entropy gain/ loss is defined
to be dQ/T . To see why entropy typically increases in thermodynamic processes, consider
a container with fluid, divided into two equal parts with temperatures TH > TC . Removing
the divider, temperature will eventually be homogenized to (TC+TH)/2. During the process,
the infinitesimal change in entropy due to the transfer of an infinitesimal amount of heat
dQ > 0 between the two systems leads to a gain dQ for the cold system and a loss of dQ for
the hot system (gain of �dQ), thus the entropy change is

dS =
dQ

TC

+
�dQ

TH

= dQ
TH � TC

THTC

> 0.

so the increase in entropy is because temperature flows from the hot reservoir to the cold
one.

Carnot cycle: see the three first pages from wikipedia article, including a description of
the four steps in the cycle, and the calculation of the e�ciency. See also on-line animation.

Figure 1: A hurricane as a heat engine (Figure from Emanuel, 1991).

Hurricane as a Carnot cycle: (Figure 1, from Emanuel, 1991). Stage (1) of the Carnot
cycle, of isothermal expansion, is equivalent to the process in a hurricane by which when
air acquires heat (in the form of moisture from evaporation) as it flows along the surface
toward the center of the storm, at a temperature TH . (2) The adiabatic expansion occurs in
a hurricane as the parcel goes up in the slanted eye wall, doing work on the environment.
(3) The isothermal compression stage involves the release of heat by the hurricane to the
environment (via radiation), while mixing out of the convective plumes at the top of the

5

K. Emanuel (1991) + http://galileoandeinstein.phys.virginia.edu/more_stuff/flashlets/carnot.htm 

http://galileoandeinstein.phys.virginia.edu/more_stuff/flashlets/carnot.htm
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Wind Shear
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Wind shear: what is it? effect on Hurricanes

https://cliffmass.blogspot.com/2017/05/wind-shear-when-atmospheric-seems-to-be.html
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Wind shear: what is it? effect on Hurricanes

https://cliffmass.blogspot.com/2017/05/wind-shear-when-atmospheric-seems-to-be.html

https://weatherstreet.com/weatherquestions/What_is_wind_shear.htm 

https://weatherstreet.com/weatherquestions/What_is_wind_shear.htm
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Wind shear: what is it? effect on Hurricanes

https://cliffmass.blogspot.com/2017/05/wind-shear-when-atmospheric-seems-to-be.html

Why hurricanes are weakened by wind shear
(1) The moist convection & latent heat release that drive 
the hurricane winds can be weakened by a “ventilation” 
by dry air brought in by the shear. This dry air can flow 
into the hurricane core at mid-level or into the lower 1–2 
km air that flows toward the hurricane center. (2) The 
central low pressure can be weakened via a dilution of 
the upper-level warm core of the storm by mixing it with 
the cooler surrounding air, again driven by the shear.

Cram et al 2007

https://weatherstreet.com/weatherquestions/What_is_wind_shear.htm 

https://weatherstreet.com/weatherquestions/What_is_wind_shear.htm
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https://earthobservatory.nasa.gov/images/92757/the-complex-evolution-of-florences-winds

“Florence emerged off Africa on September 1 2018, intensified to hurricane status on 
Sept 4 with peak winds of 120 km/ hour. By Sept 5, it  became a Category 4 storm 
(225 km/hour). A few days of increasing wind shear forced the storm into an 
asymmetrical shape and began to tear it apart. By Sept 7, Florence’s peak winds had 
dropped back down to 100 km/ hour, no longer a hurricane. On Sept 9, it entered a 
zone of particularly low wind shear and high sea surface temperatures, intensified 
rapidly again and by Sept 10, was back to Category 4 status!”

Wind shear: the complex evolution of hurricane Florence

https://earthobservatory.nasa.gov/images/92757/the-complex-evolution-of-florences-winds
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https://earthobservatory.nasa.gov/images/92757/the-complex-evolution-of-florences-winds

“Florence emerged off Africa on September 1 2018, intensified to hurricane status on 
Sept 4 with peak winds of 120 km/ hour. By Sept 5, it  became a Category 4 storm 
(225 km/hour). A few days of increasing wind shear forced the storm into an 
asymmetrical shape and began to tear it apart. By Sept 7, Florence’s peak winds had 
dropped back down to 100 km/ hour, no longer a hurricane. On Sept 9, it entered a 
zone of particularly low wind shear and high sea surface temperatures, intensified 
rapidly again and by Sept 10, was back to Category 4 status!”

Wind shear: the complex evolution of hurricane Florence

https://earthobservatory.nasa.gov/images/92757/the-complex-evolution-of-florences-winds
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NOAA climate.gov
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NOAA climate.gov
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NOAA climate.gov

http://ww2010.atmos.uiuc.edu/(Gh)/guides/mtr/hurr/enso.rxml

During El Niño events, a strong wind 
shear over the Atlantic reduces the 
number of named storms and Hurricanes

http://ww2010.atmos.uiuc.edu/(Gh)/guides/mtr/hurr/enso.rxml

http://ww2010.atmos.uiuc.edu/(Gh)/guides/mtr/hurr/enso.rxml
http://ww2010.atmos.uiuc.edu/(Gh)/guides/mtr/hurr/enso.rxml
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NOAA climate.gov

http://ww2010.atmos.uiuc.edu/(Gh)/guides/mtr/hurr/enso.rxml

During El Niño events, a strong wind 
shear over the Atlantic reduces the 
number of named storms and Hurricanes

http://ww2010.atmos.uiuc.edu/(Gh)/guides/mtr/hurr/enso.rxml

http://ww2010.atmos.uiuc.edu/(Gh)/guides/mtr/hurr/enso.rxml
http://ww2010.atmos.uiuc.edu/(Gh)/guides/mtr/hurr/enso.rxml
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Wind shear: how does El Nino affect it?

 

NOAA climate.gov

“During El Niño the Pacific subtropical jet 
stream is fueled by a more powerful Hadley 
Cell (due to larger convection over warmer 
tropical ocean waters). A stronger jet stream 
can lead to stronger shear over the Atlantic 
and weaken Hurricanes there.”

http://www.bitsofscience.org/wind-shear-el-nino-atlantic-hurricanes-jet-stream-6691/

Hadley cell

SST anomalies (°C) during 1997 El Niño

http://ww2010.atmos.uiuc.edu/(Gh)/guides/mtr/hurr/enso.rxml
http://www.bitsofscience.org/wind-shear-el-nino-atlantic-hurricanes-jet-stream-6691/
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Wind shear: how does El Nino affect it?

 

NOAA climate.gov

“During El Niño the Pacific subtropical jet 
stream is fueled by a more powerful Hadley 
Cell (due to larger convection over warmer 
tropical ocean waters). A stronger jet stream 
can lead to stronger shear over the Atlantic 
and weaken Hurricanes there.”

http://www.bitsofscience.org/wind-shear-el-nino-atlantic-hurricanes-jet-stream-6691/

Hadley cell

SST anomalies (°C) during 1997 El Niño

http://ww2010.atmos.uiuc.edu/(Gh)/guides/mtr/hurr/enso.rxml
http://www.bitsofscience.org/wind-shear-el-nino-atlantic-hurricanes-jet-stream-6691/
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Wind shear: The El Nino/ La Nina signal

(a) SST anomaly from monthly climatology (colors) & wind shear (δU,δV) = (U(200 mb) − U(850 mb), 
V(200 mb) − V (850 mb)) during El Niño events, U = zonal wind, V meridional. (b) Same, La Niña. (c) 
shear (δU,δV) during El Niño minus that during La Niña shown by vectors. Colors show the magnitude 
of shear, sqrt (δU)2 +(δV)2 for El Niño minus La Niña events. Green box: North Atlantic MDR. 
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Workshop 2: Potential intensity 
A. Plot the saturation specific-humidity as a function of time, based on 

the observed MDR SST and the SST increase projected by 2100 
under the RCP8.5 scenario. 

B. Calculate and plot the expected potential intensity as a function of 
time for the observed (historical) MDR SST and for the projected 
MDR SST increase by year 2100 under the RCP8.5 scenario 
(plotting the raw PI, with the smoothed time series superimposed). 

C. Calculate and plot time series of the cube of the PI to approximate 
the PDI, and normalize by the mean of the PDI calculated from the 
historical SST. What is the expected percentage increase in PDI by 
the end of the century? Remember that PDI is a measure of 
hurricane destructiveness.
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Workshop 2 results: 
Projected potential 

intensity

30% increase by 2100…?
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Hurricane strength (thick)  
& Atlantic SST (thin)

decadal Oscillation (AMO) [Goldenberg et al.,
2001]. Within the context of potential intensity
(PI) theory [Emanuel, 1988; Bister and Emanuel,
1998], all other factors being equal a local increase
in SST will destabilize the atmosphere and result in

more intense TCs. However, nonlocality enters into
this apparently straightforward relationship be-
tween local SST and TC intensities, as atmospheric
temperature in the tropical upper troposphere is in
general set not by the local SST but rather by the
tropical mean SST [Sobel et al., 2002]. Anoma-
lously warm tropical mean SST increases upper
tropospheric temperatures, stabilizing the atmo-
sphere, and hence should lead to weaker tropical
cyclones [Tang and Neelin, 2004; Shen et al.,
2000]. Elsner et al. [2006] highlight such suppres-
sion of Atlantic TC intensities by remote factors, as
they show that in the Atlantic basin global mean
temperature acts as a negative predictor of TC
intensity when the local impact of MDR SST is
removed. Indeed, the fact that global tropical SST
trends might have a smaller effect on tropical
cyclone intensities than regional fluctuations in
MDR SST relative to that global mean was explic-
itly recognized by Emanuel [2005].

[4] Given this state of affairs, it is vital to under-
stand whether local or nonlocal influences domi-
nate TC intensities in the North Atlantic hurricane
basin. The degree of localization examined here
shades from totally local control, where SST
anomalies within the Atlantic MDR dominate
observed fluctuations in TC intensity, to nonlocal
control, where fluctuations in TC intensity depend
solely upon the MDR SST relative to the tropical
mean SST. Note that nonlocal control defined in
this manner will be more or less independent of
global warming, as it depends upon the relative
regional distribution of SST anomalies rather than a
basin-independent increase in SST.

[5] Within this context, we show that Atlantic TC
intensities are nonlocal in the sense that intensity
fluctuations and storm numbers depend much more
sensitively on MDR SST anomalies relative to the
tropical mean than on the MDR SST anomalies
themselves. The implication of this behavior is that
Atlantic TCs are intrinsically nonlocal, and specif-
ically that the increase in Atlantic TC intensities
since roughly 1980 cannot be attributed to a global
increase in SST.

2. SST and Hurricane Intensity
Fluctuations

[6] We examine TC winds for the period 1950–
2006 in the North Atlantic basin based upon
Tropical Prediction Center best track reanalysis,
with intensity corrections for the pre-1975 part of
the record following Emanuel [2005]. The SST

Figure 1. (a) Smoothed normalized anomalies in PDI
and MDR SST for the North Atlantic. (b) As in Figure 1a
but with no interannual smoothing. (c) As in Figure 1b
but with MDR SST anomalies relative to the tropical
mean (MDRN SST anomalies).

Geochemistry
Geophysics
Geosystems G3G3 swanson: atlantic tropical cyclone intensities 10.1029/2007GC001844

2 of 9

(Swanson 2008)

(Vecchi et al 2008)

Will Hurricanes get stronger?
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Hurricane strength (thick)  
& Atlantic SST (thin)

decadal Oscillation (AMO) [Goldenberg et al.,
2001]. Within the context of potential intensity
(PI) theory [Emanuel, 1988; Bister and Emanuel,
1998], all other factors being equal a local increase
in SST will destabilize the atmosphere and result in

more intense TCs. However, nonlocality enters into
this apparently straightforward relationship be-
tween local SST and TC intensities, as atmospheric
temperature in the tropical upper troposphere is in
general set not by the local SST but rather by the
tropical mean SST [Sobel et al., 2002]. Anoma-
lously warm tropical mean SST increases upper
tropospheric temperatures, stabilizing the atmo-
sphere, and hence should lead to weaker tropical
cyclones [Tang and Neelin, 2004; Shen et al.,
2000]. Elsner et al. [2006] highlight such suppres-
sion of Atlantic TC intensities by remote factors, as
they show that in the Atlantic basin global mean
temperature acts as a negative predictor of TC
intensity when the local impact of MDR SST is
removed. Indeed, the fact that global tropical SST
trends might have a smaller effect on tropical
cyclone intensities than regional fluctuations in
MDR SST relative to that global mean was explic-
itly recognized by Emanuel [2005].

[4] Given this state of affairs, it is vital to under-
stand whether local or nonlocal influences domi-
nate TC intensities in the North Atlantic hurricane
basin. The degree of localization examined here
shades from totally local control, where SST
anomalies within the Atlantic MDR dominate
observed fluctuations in TC intensity, to nonlocal
control, where fluctuations in TC intensity depend
solely upon the MDR SST relative to the tropical
mean SST. Note that nonlocal control defined in
this manner will be more or less independent of
global warming, as it depends upon the relative
regional distribution of SST anomalies rather than a
basin-independent increase in SST.

[5] Within this context, we show that Atlantic TC
intensities are nonlocal in the sense that intensity
fluctuations and storm numbers depend much more
sensitively on MDR SST anomalies relative to the
tropical mean than on the MDR SST anomalies
themselves. The implication of this behavior is that
Atlantic TCs are intrinsically nonlocal, and specif-
ically that the increase in Atlantic TC intensities
since roughly 1980 cannot be attributed to a global
increase in SST.

2. SST and Hurricane Intensity
Fluctuations

[6] We examine TC winds for the period 1950–
2006 in the North Atlantic basin based upon
Tropical Prediction Center best track reanalysis,
with intensity corrections for the pre-1975 part of
the record following Emanuel [2005]. The SST

Figure 1. (a) Smoothed normalized anomalies in PDI
and MDR SST for the North Atlantic. (b) As in Figure 1a
but with no interannual smoothing. (c) As in Figure 1b
but with MDR SST anomalies relative to the tropical
mean (MDRN SST anomalies).
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trend in 21st-century projections. Hence, a

future where relative SST controls Atlantic

hurricane activity is a future similar to the

recent past, with periods of higher and lower

hurricane activity relative to present-day

conditions due to natural climate variability,

but with little long-term trend.

From the perspective of correlation and

inferred causality, this analysis suggests that

we are presently at an impasse. Additional

empirical studies are unlikely to resolve this

conflict in the near future: Many years of

data will be required to reject one hypothesis

in favor of the other, and the climate model

projections of hurricane activity using the

two statistical models do not diverge com-

pletely until the mid-2020s.Thus, it is both

necessary and desirable to appeal to nonem-

pirical evidence to evaluate which future is

more likely.

Physical arguments suggest that hurri-

cane activity depends partly on atmospheric

instability (2), which increases with local

warming but is not determined by Atlantic

SSTs alone (5). Warming of remote ocean

basins warms the upper troposphere and sta-

bilizes the atmosphere (5). Further-

more, relative Atlantic SST warming

is associated with atmospheric circu-

lation changes that make the environ-

ment more favorable to hurricane

development and intensification

(9–11).

Further evidence comes from

high-resolution dynamical techniques

that attempt to represent the finer spa-

tial and temporal scales essential

to hurricanes, which century-scale

global climate models cannot capture

due to computational constraints.

High-resolution dynamical calcula-

tions under climate change scenarios

(8, 12–14) (green symbols in the fig-

ure) are consistent with the domi-

nance of relative SSTs as a control on

hurricane activity. Even the dynami-

cal simulation showing the most

marked increase in Atlantic hurricane

activity under climate change (13) is

within the projected range for relative

SST but outside the projected range

for absolute SST.

Whether the physical connections

between hurricane activity and SST

are more accurately captured by

absolute or relative SST also has fun-

damental implications for our inter-

pretation of the past. If the correlation

of activity with absolute SST repre-

sents a causal relation, then at least

part of the recent increase in activity

in the Atlantic can be connected to

tropical Atlantic warming driven by

human-induced increases in green-

house gases and, possibly, recent

reductions in Atlantic aerosol loading

(3, 15, 16). In contrast, if relative

SST contains the causal link, an attri-

bution of the recent increase in hur-

ricane activity to human activities is

not appropriate, because the recent

changes in relative SST in the Atlantic

are not yet distinct from natural cli-

mate variability.

We stand on the cusp of potentially large

changes to Atlantic hurricane activity. The

issue is not whether SST is a predictor of this

activity but how it is a predictor. Given the evi-

dence suggesting that relative SST controls

hurricane activity, efforts to link changes in

hurricane activity to absolute SST must not be

based solely on statistical relationships but

must also offer alternative theories and models

that can be used to test the physical arguments

underlying this premise. In either case, contin-

uing to move beyond empirical statistical rela-

tionships into a fuller, dynamically based
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2000. See Supporting Online Material for details.
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decadal Oscillation (AMO) [Goldenberg et al.,
2001]. Within the context of potential intensity
(PI) theory [Emanuel, 1988; Bister and Emanuel,
1998], all other factors being equal a local increase
in SST will destabilize the atmosphere and result in

more intense TCs. However, nonlocality enters into
this apparently straightforward relationship be-
tween local SST and TC intensities, as atmospheric
temperature in the tropical upper troposphere is in
general set not by the local SST but rather by the
tropical mean SST [Sobel et al., 2002]. Anoma-
lously warm tropical mean SST increases upper
tropospheric temperatures, stabilizing the atmo-
sphere, and hence should lead to weaker tropical
cyclones [Tang and Neelin, 2004; Shen et al.,
2000]. Elsner et al. [2006] highlight such suppres-
sion of Atlantic TC intensities by remote factors, as
they show that in the Atlantic basin global mean
temperature acts as a negative predictor of TC
intensity when the local impact of MDR SST is
removed. Indeed, the fact that global tropical SST
trends might have a smaller effect on tropical
cyclone intensities than regional fluctuations in
MDR SST relative to that global mean was explic-
itly recognized by Emanuel [2005].

[4] Given this state of affairs, it is vital to under-
stand whether local or nonlocal influences domi-
nate TC intensities in the North Atlantic hurricane
basin. The degree of localization examined here
shades from totally local control, where SST
anomalies within the Atlantic MDR dominate
observed fluctuations in TC intensity, to nonlocal
control, where fluctuations in TC intensity depend
solely upon the MDR SST relative to the tropical
mean SST. Note that nonlocal control defined in
this manner will be more or less independent of
global warming, as it depends upon the relative
regional distribution of SST anomalies rather than a
basin-independent increase in SST.

[5] Within this context, we show that Atlantic TC
intensities are nonlocal in the sense that intensity
fluctuations and storm numbers depend much more
sensitively on MDR SST anomalies relative to the
tropical mean than on the MDR SST anomalies
themselves. The implication of this behavior is that
Atlantic TCs are intrinsically nonlocal, and specif-
ically that the increase in Atlantic TC intensities
since roughly 1980 cannot be attributed to a global
increase in SST.

2. SST and Hurricane Intensity
Fluctuations

[6] We examine TC winds for the period 1950–
2006 in the North Atlantic basin based upon
Tropical Prediction Center best track reanalysis,
with intensity corrections for the pre-1975 part of
the record following Emanuel [2005]. The SST

Figure 1. (a) Smoothed normalized anomalies in PDI
and MDR SST for the North Atlantic. (b) As in Figure 1a
but with no interannual smoothing. (c) As in Figure 1b
but with MDR SST anomalies relative to the tropical
mean (MDRN SST anomalies).
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decadal Oscillation (AMO) [Goldenberg et al.,
2001]. Within the context of potential intensity
(PI) theory [Emanuel, 1988; Bister and Emanuel,
1998], all other factors being equal a local increase
in SST will destabilize the atmosphere and result in

more intense TCs. However, nonlocality enters into
this apparently straightforward relationship be-
tween local SST and TC intensities, as atmospheric
temperature in the tropical upper troposphere is in
general set not by the local SST but rather by the
tropical mean SST [Sobel et al., 2002]. Anoma-
lously warm tropical mean SST increases upper
tropospheric temperatures, stabilizing the atmo-
sphere, and hence should lead to weaker tropical
cyclones [Tang and Neelin, 2004; Shen et al.,
2000]. Elsner et al. [2006] highlight such suppres-
sion of Atlantic TC intensities by remote factors, as
they show that in the Atlantic basin global mean
temperature acts as a negative predictor of TC
intensity when the local impact of MDR SST is
removed. Indeed, the fact that global tropical SST
trends might have a smaller effect on tropical
cyclone intensities than regional fluctuations in
MDR SST relative to that global mean was explic-
itly recognized by Emanuel [2005].

[4] Given this state of affairs, it is vital to under-
stand whether local or nonlocal influences domi-
nate TC intensities in the North Atlantic hurricane
basin. The degree of localization examined here
shades from totally local control, where SST
anomalies within the Atlantic MDR dominate
observed fluctuations in TC intensity, to nonlocal
control, where fluctuations in TC intensity depend
solely upon the MDR SST relative to the tropical
mean SST. Note that nonlocal control defined in
this manner will be more or less independent of
global warming, as it depends upon the relative
regional distribution of SST anomalies rather than a
basin-independent increase in SST.

[5] Within this context, we show that Atlantic TC
intensities are nonlocal in the sense that intensity
fluctuations and storm numbers depend much more
sensitively on MDR SST anomalies relative to the
tropical mean than on the MDR SST anomalies
themselves. The implication of this behavior is that
Atlantic TCs are intrinsically nonlocal, and specif-
ically that the increase in Atlantic TC intensities
since roughly 1980 cannot be attributed to a global
increase in SST.

2. SST and Hurricane Intensity
Fluctuations

[6] We examine TC winds for the period 1950–
2006 in the North Atlantic basin based upon
Tropical Prediction Center best track reanalysis,
with intensity corrections for the pre-1975 part of
the record following Emanuel [2005]. The SST

Figure 1. (a) Smoothed normalized anomalies in PDI
and MDR SST for the North Atlantic. (b) As in Figure 1a
but with no interannual smoothing. (c) As in Figure 1b
but with MDR SST anomalies relative to the tropical
mean (MDRN SST anomalies).
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trend in 21st-century projections. Hence, a

future where relative SST controls Atlantic

hurricane activity is a future similar to the

recent past, with periods of higher and lower

hurricane activity relative to present-day

conditions due to natural climate variability,

but with little long-term trend.

From the perspective of correlation and

inferred causality, this analysis suggests that

we are presently at an impasse. Additional

empirical studies are unlikely to resolve this

conflict in the near future: Many years of

data will be required to reject one hypothesis

in favor of the other, and the climate model

projections of hurricane activity using the

two statistical models do not diverge com-

pletely until the mid-2020s.Thus, it is both

necessary and desirable to appeal to nonem-

pirical evidence to evaluate which future is

more likely.

Physical arguments suggest that hurri-

cane activity depends partly on atmospheric

instability (2), which increases with local

warming but is not determined by Atlantic

SSTs alone (5). Warming of remote ocean

basins warms the upper troposphere and sta-

bilizes the atmosphere (5). Further-

more, relative Atlantic SST warming

is associated with atmospheric circu-

lation changes that make the environ-

ment more favorable to hurricane

development and intensification

(9–11).

Further evidence comes from

high-resolution dynamical techniques

that attempt to represent the finer spa-

tial and temporal scales essential

to hurricanes, which century-scale

global climate models cannot capture

due to computational constraints.

High-resolution dynamical calcula-

tions under climate change scenarios

(8, 12–14) (green symbols in the fig-

ure) are consistent with the domi-

nance of relative SSTs as a control on

hurricane activity. Even the dynami-

cal simulation showing the most

marked increase in Atlantic hurricane

activity under climate change (13) is

within the projected range for relative

SST but outside the projected range

for absolute SST.

Whether the physical connections

between hurricane activity and SST

are more accurately captured by

absolute or relative SST also has fun-

damental implications for our inter-

pretation of the past. If the correlation

of activity with absolute SST repre-

sents a causal relation, then at least

part of the recent increase in activity

in the Atlantic can be connected to

tropical Atlantic warming driven by

human-induced increases in green-

house gases and, possibly, recent

reductions in Atlantic aerosol loading

(3, 15, 16). In contrast, if relative

SST contains the causal link, an attri-

bution of the recent increase in hur-

ricane activity to human activities is

not appropriate, because the recent

changes in relative SST in the Atlantic

are not yet distinct from natural cli-

mate variability.

We stand on the cusp of potentially large

changes to Atlantic hurricane activity. The

issue is not whether SST is a predictor of this

activity but how it is a predictor. Given the evi-

dence suggesting that relative SST controls

hurricane activity, efforts to link changes in

hurricane activity to absolute SST must not be

based solely on statistical relationships but

must also offer alternative theories and models

that can be used to test the physical arguments

underlying this premise. In either case, contin-

uing to move beyond empirical statistical rela-

tionships into a fuller, dynamically based
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aly predicted by the statistical/dynamical calculations of (12). The other green symbols denote the approximate val-

ues suggested by high-resolution dynamical models: circle (8), star (13), and diamond (15). SST indices are computed

over the region 70°W-20°W, 7.5°N-22.5°N, and the zero-line indicates the average over the period from 1981 to

2000. See Supporting Online Material for details.
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decadal Oscillation (AMO) [Goldenberg et al.,
2001]. Within the context of potential intensity
(PI) theory [Emanuel, 1988; Bister and Emanuel,
1998], all other factors being equal a local increase
in SST will destabilize the atmosphere and result in

more intense TCs. However, nonlocality enters into
this apparently straightforward relationship be-
tween local SST and TC intensities, as atmospheric
temperature in the tropical upper troposphere is in
general set not by the local SST but rather by the
tropical mean SST [Sobel et al., 2002]. Anoma-
lously warm tropical mean SST increases upper
tropospheric temperatures, stabilizing the atmo-
sphere, and hence should lead to weaker tropical
cyclones [Tang and Neelin, 2004; Shen et al.,
2000]. Elsner et al. [2006] highlight such suppres-
sion of Atlantic TC intensities by remote factors, as
they show that in the Atlantic basin global mean
temperature acts as a negative predictor of TC
intensity when the local impact of MDR SST is
removed. Indeed, the fact that global tropical SST
trends might have a smaller effect on tropical
cyclone intensities than regional fluctuations in
MDR SST relative to that global mean was explic-
itly recognized by Emanuel [2005].

[4] Given this state of affairs, it is vital to under-
stand whether local or nonlocal influences domi-
nate TC intensities in the North Atlantic hurricane
basin. The degree of localization examined here
shades from totally local control, where SST
anomalies within the Atlantic MDR dominate
observed fluctuations in TC intensity, to nonlocal
control, where fluctuations in TC intensity depend
solely upon the MDR SST relative to the tropical
mean SST. Note that nonlocal control defined in
this manner will be more or less independent of
global warming, as it depends upon the relative
regional distribution of SST anomalies rather than a
basin-independent increase in SST.

[5] Within this context, we show that Atlantic TC
intensities are nonlocal in the sense that intensity
fluctuations and storm numbers depend much more
sensitively on MDR SST anomalies relative to the
tropical mean than on the MDR SST anomalies
themselves. The implication of this behavior is that
Atlantic TCs are intrinsically nonlocal, and specif-
ically that the increase in Atlantic TC intensities
since roughly 1980 cannot be attributed to a global
increase in SST.

2. SST and Hurricane Intensity
Fluctuations

[6] We examine TC winds for the period 1950–
2006 in the North Atlantic basin based upon
Tropical Prediction Center best track reanalysis,
with intensity corrections for the pre-1975 part of
the record following Emanuel [2005]. The SST

Figure 1. (a) Smoothed normalized anomalies in PDI
and MDR SST for the North Atlantic. (b) As in Figure 1a
but with no interannual smoothing. (c) As in Figure 1b
but with MDR SST anomalies relative to the tropical
mean (MDRN SST anomalies).
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decadal Oscillation (AMO) [Goldenberg et al.,
2001]. Within the context of potential intensity
(PI) theory [Emanuel, 1988; Bister and Emanuel,
1998], all other factors being equal a local increase
in SST will destabilize the atmosphere and result in

more intense TCs. However, nonlocality enters into
this apparently straightforward relationship be-
tween local SST and TC intensities, as atmospheric
temperature in the tropical upper troposphere is in
general set not by the local SST but rather by the
tropical mean SST [Sobel et al., 2002]. Anoma-
lously warm tropical mean SST increases upper
tropospheric temperatures, stabilizing the atmo-
sphere, and hence should lead to weaker tropical
cyclones [Tang and Neelin, 2004; Shen et al.,
2000]. Elsner et al. [2006] highlight such suppres-
sion of Atlantic TC intensities by remote factors, as
they show that in the Atlantic basin global mean
temperature acts as a negative predictor of TC
intensity when the local impact of MDR SST is
removed. Indeed, the fact that global tropical SST
trends might have a smaller effect on tropical
cyclone intensities than regional fluctuations in
MDR SST relative to that global mean was explic-
itly recognized by Emanuel [2005].

[4] Given this state of affairs, it is vital to under-
stand whether local or nonlocal influences domi-
nate TC intensities in the North Atlantic hurricane
basin. The degree of localization examined here
shades from totally local control, where SST
anomalies within the Atlantic MDR dominate
observed fluctuations in TC intensity, to nonlocal
control, where fluctuations in TC intensity depend
solely upon the MDR SST relative to the tropical
mean SST. Note that nonlocal control defined in
this manner will be more or less independent of
global warming, as it depends upon the relative
regional distribution of SST anomalies rather than a
basin-independent increase in SST.

[5] Within this context, we show that Atlantic TC
intensities are nonlocal in the sense that intensity
fluctuations and storm numbers depend much more
sensitively on MDR SST anomalies relative to the
tropical mean than on the MDR SST anomalies
themselves. The implication of this behavior is that
Atlantic TCs are intrinsically nonlocal, and specif-
ically that the increase in Atlantic TC intensities
since roughly 1980 cannot be attributed to a global
increase in SST.

2. SST and Hurricane Intensity
Fluctuations

[6] We examine TC winds for the period 1950–
2006 in the North Atlantic basin based upon
Tropical Prediction Center best track reanalysis,
with intensity corrections for the pre-1975 part of
the record following Emanuel [2005]. The SST

Figure 1. (a) Smoothed normalized anomalies in PDI
and MDR SST for the North Atlantic. (b) As in Figure 1a
but with no interannual smoothing. (c) As in Figure 1b
but with MDR SST anomalies relative to the tropical
mean (MDRN SST anomalies).
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trend in 21st-century projections. Hence, a

future where relative SST controls Atlantic

hurricane activity is a future similar to the

recent past, with periods of higher and lower

hurricane activity relative to present-day

conditions due to natural climate variability,

but with little long-term trend.

From the perspective of correlation and

inferred causality, this analysis suggests that

we are presently at an impasse. Additional

empirical studies are unlikely to resolve this

conflict in the near future: Many years of

data will be required to reject one hypothesis

in favor of the other, and the climate model

projections of hurricane activity using the

two statistical models do not diverge com-

pletely until the mid-2020s.Thus, it is both

necessary and desirable to appeal to nonem-

pirical evidence to evaluate which future is

more likely.

Physical arguments suggest that hurri-

cane activity depends partly on atmospheric

instability (2), which increases with local

warming but is not determined by Atlantic

SSTs alone (5). Warming of remote ocean

basins warms the upper troposphere and sta-

bilizes the atmosphere (5). Further-

more, relative Atlantic SST warming

is associated with atmospheric circu-

lation changes that make the environ-

ment more favorable to hurricane

development and intensification

(9–11).

Further evidence comes from

high-resolution dynamical techniques

that attempt to represent the finer spa-

tial and temporal scales essential

to hurricanes, which century-scale

global climate models cannot capture

due to computational constraints.

High-resolution dynamical calcula-

tions under climate change scenarios

(8, 12–14) (green symbols in the fig-

ure) are consistent with the domi-

nance of relative SSTs as a control on

hurricane activity. Even the dynami-

cal simulation showing the most

marked increase in Atlantic hurricane

activity under climate change (13) is

within the projected range for relative

SST but outside the projected range

for absolute SST.

Whether the physical connections

between hurricane activity and SST

are more accurately captured by

absolute or relative SST also has fun-

damental implications for our inter-

pretation of the past. If the correlation

of activity with absolute SST repre-

sents a causal relation, then at least

part of the recent increase in activity

in the Atlantic can be connected to

tropical Atlantic warming driven by

human-induced increases in green-

house gases and, possibly, recent

reductions in Atlantic aerosol loading

(3, 15, 16). In contrast, if relative

SST contains the causal link, an attri-

bution of the recent increase in hur-

ricane activity to human activities is

not appropriate, because the recent

changes in relative SST in the Atlantic

are not yet distinct from natural cli-

mate variability.

We stand on the cusp of potentially large

changes to Atlantic hurricane activity. The

issue is not whether SST is a predictor of this

activity but how it is a predictor. Given the evi-

dence suggesting that relative SST controls

hurricane activity, efforts to link changes in

hurricane activity to absolute SST must not be

based solely on statistical relationships but

must also offer alternative theories and models

that can be used to test the physical arguments

underlying this premise. In either case, contin-

uing to move beyond empirical statistical rela-

tionships into a fuller, dynamically based
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trend in 21st-century projections. Hence, a

future where relative SST controls Atlantic

hurricane activity is a future similar to the

recent past, with periods of higher and lower

hurricane activity relative to present-day

conditions due to natural climate variability,

but with little long-term trend.

From the perspective of correlation and

inferred causality, this analysis suggests that

we are presently at an impasse. Additional

empirical studies are unlikely to resolve this

conflict in the near future: Many years of

data will be required to reject one hypothesis

in favor of the other, and the climate model

projections of hurricane activity using the

two statistical models do not diverge com-

pletely until the mid-2020s.Thus, it is both

necessary and desirable to appeal to nonem-

pirical evidence to evaluate which future is

more likely.

Physical arguments suggest that hurri-

cane activity depends partly on atmospheric

instability (2), which increases with local

warming but is not determined by Atlantic

SSTs alone (5). Warming of remote ocean

basins warms the upper troposphere and sta-

bilizes the atmosphere (5). Further-

more, relative Atlantic SST warming

is associated with atmospheric circu-

lation changes that make the environ-

ment more favorable to hurricane

development and intensification

(9–11).

Further evidence comes from

high-resolution dynamical techniques

that attempt to represent the finer spa-

tial and temporal scales essential

to hurricanes, which century-scale

global climate models cannot capture

due to computational constraints.

High-resolution dynamical calcula-

tions under climate change scenarios

(8, 12–14) (green symbols in the fig-

ure) are consistent with the domi-

nance of relative SSTs as a control on

hurricane activity. Even the dynami-

cal simulation showing the most

marked increase in Atlantic hurricane

activity under climate change (13) is

within the projected range for relative

SST but outside the projected range

for absolute SST.

Whether the physical connections

between hurricane activity and SST

are more accurately captured by

absolute or relative SST also has fun-

damental implications for our inter-

pretation of the past. If the correlation

of activity with absolute SST repre-

sents a causal relation, then at least

part of the recent increase in activity

in the Atlantic can be connected to

tropical Atlantic warming driven by

human-induced increases in green-

house gases and, possibly, recent

reductions in Atlantic aerosol loading

(3, 15, 16). In contrast, if relative

SST contains the causal link, an attri-

bution of the recent increase in hur-

ricane activity to human activities is

not appropriate, because the recent

changes in relative SST in the Atlantic

are not yet distinct from natural cli-

mate variability.

We stand on the cusp of potentially large

changes to Atlantic hurricane activity. The

issue is not whether SST is a predictor of this

activity but how it is a predictor. Given the evi-

dence suggesting that relative SST controls

hurricane activity, efforts to link changes in

hurricane activity to absolute SST must not be

based solely on statistical relationships but

must also offer alternative theories and models

that can be used to test the physical arguments

underlying this premise. In either case, contin-

uing to move beyond empirical statistical rela-

tionships into a fuller, dynamically based
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➨ Regressions cannot tell if Hurricanes will get stronger in a warm future

Hurricane strength (thick)  
& Atlantic SST (thin)

decadal Oscillation (AMO) [Goldenberg et al.,
2001]. Within the context of potential intensity
(PI) theory [Emanuel, 1988; Bister and Emanuel,
1998], all other factors being equal a local increase
in SST will destabilize the atmosphere and result in

more intense TCs. However, nonlocality enters into
this apparently straightforward relationship be-
tween local SST and TC intensities, as atmospheric
temperature in the tropical upper troposphere is in
general set not by the local SST but rather by the
tropical mean SST [Sobel et al., 2002]. Anoma-
lously warm tropical mean SST increases upper
tropospheric temperatures, stabilizing the atmo-
sphere, and hence should lead to weaker tropical
cyclones [Tang and Neelin, 2004; Shen et al.,
2000]. Elsner et al. [2006] highlight such suppres-
sion of Atlantic TC intensities by remote factors, as
they show that in the Atlantic basin global mean
temperature acts as a negative predictor of TC
intensity when the local impact of MDR SST is
removed. Indeed, the fact that global tropical SST
trends might have a smaller effect on tropical
cyclone intensities than regional fluctuations in
MDR SST relative to that global mean was explic-
itly recognized by Emanuel [2005].

[4] Given this state of affairs, it is vital to under-
stand whether local or nonlocal influences domi-
nate TC intensities in the North Atlantic hurricane
basin. The degree of localization examined here
shades from totally local control, where SST
anomalies within the Atlantic MDR dominate
observed fluctuations in TC intensity, to nonlocal
control, where fluctuations in TC intensity depend
solely upon the MDR SST relative to the tropical
mean SST. Note that nonlocal control defined in
this manner will be more or less independent of
global warming, as it depends upon the relative
regional distribution of SST anomalies rather than a
basin-independent increase in SST.

[5] Within this context, we show that Atlantic TC
intensities are nonlocal in the sense that intensity
fluctuations and storm numbers depend much more
sensitively on MDR SST anomalies relative to the
tropical mean than on the MDR SST anomalies
themselves. The implication of this behavior is that
Atlantic TCs are intrinsically nonlocal, and specif-
ically that the increase in Atlantic TC intensities
since roughly 1980 cannot be attributed to a global
increase in SST.

2. SST and Hurricane Intensity
Fluctuations

[6] We examine TC winds for the period 1950–
2006 in the North Atlantic basin based upon
Tropical Prediction Center best track reanalysis,
with intensity corrections for the pre-1975 part of
the record following Emanuel [2005]. The SST

Figure 1. (a) Smoothed normalized anomalies in PDI
and MDR SST for the North Atlantic. (b) As in Figure 1a
but with no interannual smoothing. (c) As in Figure 1b
but with MDR SST anomalies relative to the tropical
mean (MDRN SST anomalies).
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fluctuations and storm numbers depend much more
sensitively on MDR SST anomalies relative to the
tropical mean than on the MDR SST anomalies
themselves. The implication of this behavior is that
Atlantic TCs are intrinsically nonlocal, and specif-
ically that the increase in Atlantic TC intensities
since roughly 1980 cannot be attributed to a global
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2. SST and Hurricane Intensity
Fluctuations

[6] We examine TC winds for the period 1950–
2006 in the North Atlantic basin based upon
Tropical Prediction Center best track reanalysis,
with intensity corrections for the pre-1975 part of
the record following Emanuel [2005]. The SST
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trend in 21st-century projections. Hence, a

future where relative SST controls Atlantic

hurricane activity is a future similar to the

recent past, with periods of higher and lower

hurricane activity relative to present-day

conditions due to natural climate variability,

but with little long-term trend.

From the perspective of correlation and

inferred causality, this analysis suggests that

we are presently at an impasse. Additional

empirical studies are unlikely to resolve this

conflict in the near future: Many years of

data will be required to reject one hypothesis

in favor of the other, and the climate model

projections of hurricane activity using the

two statistical models do not diverge com-

pletely until the mid-2020s.Thus, it is both

necessary and desirable to appeal to nonem-

pirical evidence to evaluate which future is

more likely.

Physical arguments suggest that hurri-

cane activity depends partly on atmospheric

instability (2), which increases with local

warming but is not determined by Atlantic

SSTs alone (5). Warming of remote ocean

basins warms the upper troposphere and sta-

bilizes the atmosphere (5). Further-

more, relative Atlantic SST warming

is associated with atmospheric circu-

lation changes that make the environ-

ment more favorable to hurricane

development and intensification

(9–11).

Further evidence comes from

high-resolution dynamical techniques

that attempt to represent the finer spa-

tial and temporal scales essential

to hurricanes, which century-scale

global climate models cannot capture

due to computational constraints.

High-resolution dynamical calcula-

tions under climate change scenarios

(8, 12–14) (green symbols in the fig-

ure) are consistent with the domi-

nance of relative SSTs as a control on

hurricane activity. Even the dynami-

cal simulation showing the most

marked increase in Atlantic hurricane

activity under climate change (13) is

within the projected range for relative

SST but outside the projected range

for absolute SST.

Whether the physical connections

between hurricane activity and SST

are more accurately captured by

absolute or relative SST also has fun-

damental implications for our inter-

pretation of the past. If the correlation

of activity with absolute SST repre-

sents a causal relation, then at least

part of the recent increase in activity

in the Atlantic can be connected to

tropical Atlantic warming driven by

human-induced increases in green-

house gases and, possibly, recent

reductions in Atlantic aerosol loading

(3, 15, 16). In contrast, if relative

SST contains the causal link, an attri-

bution of the recent increase in hur-

ricane activity to human activities is

not appropriate, because the recent

changes in relative SST in the Atlantic

are not yet distinct from natural cli-

mate variability.

We stand on the cusp of potentially large

changes to Atlantic hurricane activity. The

issue is not whether SST is a predictor of this

activity but how it is a predictor. Given the evi-

dence suggesting that relative SST controls

hurricane activity, efforts to link changes in

hurricane activity to absolute SST must not be

based solely on statistical relationships but

must also offer alternative theories and models

that can be used to test the physical arguments

underlying this premise. In either case, contin-

uing to move beyond empirical statistical rela-

tionships into a fuller, dynamically based
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observed absolute and relative SST over the period from 1946 to 2007, and these regression models are used to build

estimates of PDI from output of global climate models for historical and future conditions. Anomalies are shown rel-

ative to the 1981 to 2000 average (2.13 x 1011 m3 s–2). The green bar denotes the approximate range of PDI anom-

aly predicted by the statistical/dynamical calculations of (12). The other green symbols denote the approximate val-

ues suggested by high-resolution dynamical models: circle (8), star (13), and diamond (15). SST indices are computed

over the region 70°W-20°W, 7.5°N-22.5°N, and the zero-line indicates the average over the period from 1981 to
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trend in 21st-century projections. Hence, a

future where relative SST controls Atlantic

hurricane activity is a future similar to the

recent past, with periods of higher and lower

hurricane activity relative to present-day

conditions due to natural climate variability,

but with little long-term trend.

From the perspective of correlation and

inferred causality, this analysis suggests that

we are presently at an impasse. Additional

empirical studies are unlikely to resolve this

conflict in the near future: Many years of

data will be required to reject one hypothesis

in favor of the other, and the climate model

projections of hurricane activity using the

two statistical models do not diverge com-

pletely until the mid-2020s.Thus, it is both

necessary and desirable to appeal to nonem-

pirical evidence to evaluate which future is

more likely.

Physical arguments suggest that hurri-

cane activity depends partly on atmospheric

instability (2), which increases with local

warming but is not determined by Atlantic

SSTs alone (5). Warming of remote ocean

basins warms the upper troposphere and sta-

bilizes the atmosphere (5). Further-

more, relative Atlantic SST warming

is associated with atmospheric circu-

lation changes that make the environ-

ment more favorable to hurricane

development and intensification

(9–11).

Further evidence comes from

high-resolution dynamical techniques

that attempt to represent the finer spa-

tial and temporal scales essential

to hurricanes, which century-scale

global climate models cannot capture

due to computational constraints.

High-resolution dynamical calcula-

tions under climate change scenarios

(8, 12–14) (green symbols in the fig-

ure) are consistent with the domi-

nance of relative SSTs as a control on

hurricane activity. Even the dynami-

cal simulation showing the most

marked increase in Atlantic hurricane

activity under climate change (13) is

within the projected range for relative

SST but outside the projected range

for absolute SST.

Whether the physical connections

between hurricane activity and SST

are more accurately captured by

absolute or relative SST also has fun-

damental implications for our inter-

pretation of the past. If the correlation

of activity with absolute SST repre-

sents a causal relation, then at least

part of the recent increase in activity

in the Atlantic can be connected to

tropical Atlantic warming driven by

human-induced increases in green-

house gases and, possibly, recent

reductions in Atlantic aerosol loading

(3, 15, 16). In contrast, if relative

SST contains the causal link, an attri-

bution of the recent increase in hur-

ricane activity to human activities is

not appropriate, because the recent

changes in relative SST in the Atlantic

are not yet distinct from natural cli-

mate variability.

We stand on the cusp of potentially large

changes to Atlantic hurricane activity. The

issue is not whether SST is a predictor of this

activity but how it is a predictor. Given the evi-

dence suggesting that relative SST controls

hurricane activity, efforts to link changes in

hurricane activity to absolute SST must not be

based solely on statistical relationships but

must also offer alternative theories and models

that can be used to test the physical arguments

underlying this premise. In either case, contin-

uing to move beyond empirical statistical rela-

tionships into a fuller, dynamically based
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Chapter 2 Observations:  Atmosphere and Surface

2

2.6.2.4 Severe Local Weather Events

Another extreme aspect of the hydrological cycle is severe local 
weather phenomena such as hail or thunder storms. These are not well 
observed in many parts of the world because the density of surface 
meteorological observing stations is too coarse to measure all such 
events. Moreover, homogeneity of existing reporting is questionable 
(Verbout et al., 2006; Doswell et al., 2009). Alternatively, measures of 
severe thunderstorms or hailstorms can be derived by assessing the 
environmental conditions that are favourable for their formation but 
this method is very uncertain (Seneviratne et al., 2012). SREX high-
lighted studies such as those of Brooks and Dotzek (2008), who found 
significant variability but no clear trend in the past 50 years in severe 
thunderstorms in a region east of the Rocky Mountains in the USA, 
Cao (2008), who found an increasing frequency of severe hail events in 
Ontario, Canada during the period 1979–2002 and Kunz et al. (2009), 
who found that hail days significantly increased during the period 
1974–2003 in southwest Germany. Hailpad studies from Italy (Eccel et 
al., 2012) and France (Berthet et al., 2011) suggest slight increases in 
larger hail sizes and a correlation between the fraction of precipitation 
falling as hail with average summer temperature while in Argentina 
between 1960 and 2008 the annual number of hail events was found 
to be increasing in some regions and decreasing in others (Mezher et 
al., 2012). In China between 1961 and 2005, the number of hail days 
has been found to generally decrease, with the highest occurrence 
between 1960 and 1980 but with a sharp drop since the mid-1980s 
(CMA, 2007; Xie et al., 2008). However, there is little consistency in hail 
size changes in different regions of China since 1980 (Xie et al., 2010). 
Remote sensing offers a potential alterative to surface-based meteor-
ological networks for detecting changes in small scale severe weather 
phenomenon such as proxy measurements of lightning from satel-
lites (Zipser et al., 2006) but there remains little convincing evidence 
that changes in severe thunderstorms or hail have occurred since the 
middle of the 20th century (Brooks, 2012).

In summary, there is low confidence in observed trends in small-scale 
severe weather phenomena such as hail and thunderstorms because 
of historical data inhomogeneities and inadequacies in monitoring 
 systems.

2.6.3 Tropical Storms

AR4 concluded that it was likely that an increasing trend had occurred 
in intense tropical cyclone activity since 1970 in some regions but that 
there was no clear trend in the annual numbers of tropical cyclones. 
Subsequent assessments, including SREX and more recent literature 
indicate that it is difficult to draw firm conclusions with respect to the 
confidence levels associated with observed trends prior to the satellite 
era and in ocean basins outside of the North Atlantic.

Section 14.6.1 discusses changes in tropical storms in detail. Current data 
sets indicate no significant observed trends in global tropical cyclone 
frequency over the past century and it remains uncertain whether any 
reported long-term increases in tropical cyclone frequency are robust, 
after accounting for past changes in observing capabilities (Knutson 
et al., 2010). Regional trends in tropical cyclone frequency and the fre-
quency of very intense tropical cyclones have been  identified in the 

North Atlantic and these appear robust since the 1970s (Kossin et al. 
2007) (very high confidence). However, argument reigns over the cause 
of the increase and on longer time scales the fidelity of these trends 
is debated (Landsea et al., 2006; Holland and Webster, 2007; Land-
sea, 2007; Mann et al., 2007b) with different methods for  estimating 
undercounts in the earlier part of the record providing mixed conclu-
sions (Chang and Guo, 2007; Mann et al., 2007a; Kunkel et al., 2008; 
Vecchi and Knutson, 2008, 2011). No robust trends in annual numbers 
of tropical storms, hurricanes and major hurricanes counts have been 
identified over the past 100 years in the North Atlantic basin. Measures 
of land-falling tropical cyclone frequency (Figure 2.34) are generally 
considered to be more reliable than counts of all storms which tend 
to be strongly influenced by those that are weak and/or short lived. 
Callaghan and Power (2011) find a statistically significant decrease 
in Eastern Australia land-falling tropical cyclones since the late 19th 
century although including 2010/2011 season data this trend becomes 
non-significant (i.e., a trend of zero lies just inside the 90% confidence 
interval). Significant trends are not found in other oceans on shorter 
time scales (Chan and Xu, 2009; Kubota and Chan, 2009; Mohapatra 
et al., 2011; Weinkle et al., 2012), although Grinsted et al. (2012) find 
a significant positive trend in eastern USA using tide-guage data from 
1923–2008 as a proxy for storm surges associated with land-falling 
hurricanes. Differences between tropical cyclone studies highlight the 
challenges that still lie ahead in assessing long-term trends. 
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Figure 2.34 |  Normalized 5-year running means of the number of (a) adjusted land 
falling eastern Australian tropical cyclones (adapted from Callaghan and Power (2011) 
and updated to include 2010//2011 season) and (b) unadjusted land falling U.S. hur-
ricanes (adapted from Vecchi and Knutson (2011) and (c) land-falling typhoons in China 
(adapted from CMA, 2011). Vertical axis ticks represent one standard deviation, with all 
series normalized to unit standard deviation after a 5-year running mean was applied.

Figure 2.34 | Normalized 5-year 
running means of the number of (a) 
adjusted land falling eastern Australian 
tropical cyclones (adapted from 
Callaghan and Power (2011) and 
updated to include 2010//2011 season) 
and (b) unadjusted land falling U.S. 
hurricanes (adapted from Vecchi and 
Knutson (2011) and (c) land-falling 
typhoons in China (adapted from 
CMA, 2011). Vertical axis ticks 
represent one standard deviation, with 
all series normalized to unit standard 
deviation after a 5-year running mean 
was applied. 
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11.7.1.2 Observed Trends 

Identifying past trends in TC metrics remains a challenge due to the heterogeneous 
character of the instrumental data, (‘best-track’ data, Schreck et al., 2014). There is low 
confidence in most reported long-term (multi-decadal to centennial) trends in TC 
frequency & intensity metrics due to changes in technology used to collect the data.

Best-track data of hurricanes that have impacted the USA since 1900 is reliable, & shows 
no trend in the frequency of USA landfall events (Knutson et al., 2019).

…a significant increase is found in the fraction of global Category 3–5 TC instances (6-
hourly intensity during each TC) to all Category 1–5 instances (Kossin et al., 2020).

In summary, there is mounting evidence that a  variety of TC characteristics have 
changed over various time periods. It is likely that the global proportion of Category 3–5 
tropical cyclone instances & the frequency of rapid intensification events have increased 
globally over the past 40 years. It is very likely that the average location where TCs reach 
their peak wind intensity has migrated poleward in the western North Pacific Ocean since 
the 1940s. It is likely that TC translation speed has slowed over the USA since 1900.
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Workshop #3 

Detecting ACC in hurricane intensity: Calculate the fraction of major 
hurricanes every year and plot it as a function of time. Repeat after 
averaging in bins of three years. Calculate and plot a linear fit with and 
without the binning, and calculate the r2 in each case. Discuss your 
results.
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Detecting ACC in hurricane intensity

Fraction of major hurricanes instances (6 hourly winds in 
categories 3–5 out of 1–5), following Kossin et al 2020

Left: annual data                                     Right: 3-year averages 
 ( ; trend significant according to p-value)r2 = 0.18
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Conclusions 

• Maximum possible hurricane amplitude (potential intensity) 
may be estimated from its energy balance (evaporation vs 
surface frictional dissipation) and is controlled by the SST. 

• Actual amplitude depends on wind shear and is therefore 
affected by ENSO and other factors. 

• An increase in the fraction of major hurricanes so far may 
have been detected, but the signal is still not large. 

• The frequency of hurricanes did not change so far, we do not 
have a good way of projecting future changes.
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The End


