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North Atlantic tropical cyclones	



•  Recent increase in activity	



•  Including extreme 2004-2005 seasons	



•  Why? Implications for future?	



Emanuel (2005 Nature; 2007, J. Clim.)	
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(2008, Science) 
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One Temperature Predictor of Atlantic Hurricane Activity	
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Two Temperature Predictors of Atlantic Hurricane Activity	
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Two Statistical Projections of Atlantic Hurricane Activity	





Outline	



• Historical Atlantic Tropical Storm & Hurricane Record	



• Downscaling Techniques	



• Response of Hurricanes to Radiative Forcing	



• Summary	



• Experimental long-lead predictions	





Recorded NA Hurricanes Show Clear Increase	



But was there really an increase?	



Vecchi and Knutson (2010)	





Vecchi and Knutson (2008, J. Clim.)	


     Landsea et al. (2009, J. Clim.)	



     Vecchi and Knutson (2011, J. Clim.)	


Villarini et al. (2011, JGR)	



Adjustments to storm counts 
based on ship/storm track 

locations and density	





In each grid cell:	



★ conserve momentum 
(F=m·a)	



★ account for changes in 
mass and composition	



★ conserve energy���
(radiation, latent, etc...)	



CGCM: “Force” with sun,���
atmospheric composition ���
(e.g., CO2, O3, aerosols)	



Atmospheric GCMs have land and 
atmosphere components.	



Coupled GCMs have land, ocean, atmosphere 
and ice components.	



Each encapsulates our best understanding of 
underlying processes controlling its evolution.	



AGCM: “Force” with sun,���
atmospheric composition ���
(e.g., CO2, O3, aerosols)	





Resolution (computer power) limits ability to���
represent processes and phenomena	



Medium���
resolution ���
(CM2.1)	



High ���
resolution	


(CM2.5)	



Precipitation	

 Ocean temp.	





GFDL HiRAM Model recovers many aspects of observed hurricane tracks	
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Zhao et al	


(2009, J. Climate)	





Dynamical Models Exhibit Skill in ���
Seasonal Basin-wide Hurricane Frequency	



Statistical-dynamical hybrid model	



18-km regional model	



100km SST-forced AGCM	



50km SST-forced AGCM	



Figure adapted from Knutson et al (2010, Nat. Geosci.)	





Skill in Century-Scale SST-Forced AGCM Hindcasts	


Using 100km version of Zhao et al (2009, J. Clim.) AGCM	



Vecchi, Zhao and Held (2011, in prep.)	



North Atlantic TC	

 East Pacific TC	



Observed Model Mean Model Range 



NA TS Increase not Driven by Uniform Component of Recent Warming 	
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Vecchi, Delworth, Zhao and Held	


(2012, in prep.)	



With tropical-mean 
warming	


	



Without tropical-
mean warming	



1982	

 2007	





HiRAM C180 (and observations + controls to large-scale) 
Suggest Relative SSTA as a Predictor	



Zhao et al. (2009, J. Climate), Zhao et al. (2010, MWR, Sub.)	


&	



Latif et al (2007, GRL), Vecchi and Soden (2007, Nature), Knutson et al (2008, Nature Geosci.), 
Swanson (2008, G3), Vecchi et al (2008, Science), Villarini et al (2010, MWR)....	



Relative SSTA = 	


Atlantic SSTA minus ���

Tropical SSTA	





In CGCMs Hurricane-Relevant Large-Scale Conditions ���
Co-vary Constructively With Relative-SST (Atlantic minus Tropical)	



SLP	



Potential���
Intensity	



850hPa vort.	
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RH	
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Vecchi et al.	


(2012, in prep.)	





Build statistical model of basin-wide tropical storms using ���
Atlantic and Tropical-mean SST as covariates	



Factors in fit (w/standard error)	



Tropical-mean SST acts to reduce 
frequency.	



Atlantic SST acts to increase frequency.	



Rate = ea+bSSTATL!cSSTTRO

Knutson et al. (2008) Swanson (2008), Vecchi et al. 
(2008),  Zhao et al. (2009, 2010), Villarini et al. 
(2010, 2011.a.,.c), Villarini and Vecchi (2011)	



Villarini, Vecchi and Smith (2010, J. Clim.)	





Statistical modeling of PDI (sum of wind speed cubed) since WWII���
retains SSTmdr as positive and SSTtrop as negative predictors. ���
Enables estimate of pre-WWII PDI and predictions of PDI.	



maximum intensity but, on average, they remain strong
for longer.

5. Discussion and conclusions

In this study we have focused on the power dissipation
index (PDI) and accumulated cyclone energy (ACE) for
North Atlantic tropical storms over the period 1949–
2008. We have examined the dependence of these two
metrics on tropical Atlantic and tropical mean SSTs.
Statistical modeling was performed using GAMLSS.
Two different penalty criteria (AIC and SBC) were
selected, as well as two different SST input datasets
(ERSSTv3b and HadISSTv1).
Our results indicate that both tropical Atlantic and

tropical mean SSTs are significant covariates in describing
the variability of PDI and ACE for North Atlantic sea-
sonal tropical storm activity, providing additional evidence

as to the importance of relative SST on tropical storm
activity. For both PDI and ACE, the coefficient of trop-
ical Atlantic SST had a positive sign, while the coefficient
for tropical mean SST was negative. For both PDI and
ACE the coefficient for the Atlantic SST was larger than
for the tropical SST.
Given these models, and studies describing the fre-

quency of tropical storms and hurricanes in terms of
SSTAtl and SSTtrop using a Poisson regression model
(Villarini et al. 2010b; Vecchi et al. 2011; Villarini et al.
2012), we have examined the sensitivity of frequency,
duration, and intensity of North Atlantic tropical cyclones
to SST changes. Under uniform SST warming, these re-
sults indicate that we should expect a decrease in North
Atlantic tropical storm and hurricane frequency, small
changes in the typical intensity of the strongest storms,
and that storms should spend a longer amount of time as
the strongest storms.Wehave obtained a larger sensitivity
to relative SST (tropical Atlantic SST minus tropical
mean SST), with large increases in the tropical storm and
hurricane frequencies, PDI, ACE, and intensity scale.
While these results for uniform warming are consistent
with findings from climate models (e.g., Vecchi and
Soden, 2007; Zhao and Held, 2011), it is worth reminding
that they are based on the relations obtained from sta-
tistical models and the assumptions made to obtain
Eqs. (11) and (12).
In addition to modeling the adjusted records, we have

also examined the sensitivity of our results to the ad-
justment in Eq. (1). Independently of the penalty crite-
rion and input dataset, the parametric distributions are
the same as in Tables 1 and 2; moreover, tropical At-
lantic and tropical mean SSTs are always retained as im-
portant predictors, with the coefficient of the former
(latter) being positive (negative). For both PDI andACE
when using ERSSTv3b data, however, the coefficient of
SSTtrop is larger than that of SSTAtl, suggesting that
uniform SST warming would lead to a decrease in trop-
ical storm seasonal activity. If HadISSTv1 data are used
as input, the absolute value of the SSTAtl coefficient is
slightly larger than the one for SSTtrop, effectively offset-
ting the impacts of uniformSSTwarming. The sensitivity of
our results to the data used for model development
highlights the importance of efforts to reanalyze the
HURDAT database (e.g., Landsea et al. 2004, 2008), in
particular for studies trying to examine possible changes in
NorthAtlantic tropical storm activity in a warmer climate.
The statistical models provide a framework with

which to reconstruct the PDI and ACE time series prior
to 1949 using reconstructed SST time series (e.g., Fig. 6,
top). These reconstructions could provide information
about the North Atlantic tropical storm activity in the
past, placing recent variations into a larger context. The

FIG. 6. (top) Reconstruction of the PDI from 1878 using the
gamma model obtained from the ERSSTv3b data. (bottom)
Forecast of PDI over the period 1982–2011 using a 10-member
June–November SST forecast initialized in January. In both of the
panels, the dots are observations. The white line represents the
50th percentile, the light gray area the region between the 25th and
75th percentiles, and the dark gray area the region between the 5th
and 95th percentiles. The solid black line in the top panel repre-
sents the 5-yr running mean of the median.
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No trend in reconstruction of annual & five year PDI from SST indices.	


Dots are observed.	



Villarini and Vecchi 
(2012, J. Climate)	





Response of NA TS Frequency ���
to Radiative Forcing	





Coupled Model Inter-comparison Projects ���
(CMIP3 & CMIP5)	



•  Coordinated GCM experiments to address key issues in climate science:	



Paleoclimate, response to CO2, aerosols, volcanoes, high-resolution, decadal 
predictability, earth-system modeling, geoengineering…	



•  Around 20 centers worldwide (including GFDL) 	



•  CMIP3 (assessed in IPCC-AR4) finalized mid-2000s, data still quite useful	



•  CMIP5 (to be assessed in IPCC-AR5) entering the “analysis” phase: centers have 
made data publicly available	



16

The selected set of models are those capable of satisfying the data requirements and the modeling 
teams have substantial experience relevant to developing the required data sets;

updated IPCC AR4 parameterization;
Among the modeling teams represented in Table 2 who are willing to participate, the MESSAGE 
and IMAGE models can produce scenarios on the high and low end (RCP3-PD and RCP8.5). The 
IMAGE model was selected for the low pathway, due to the larger number of low stabilization 
scenarios available from the model. The MESSAGE model was selected for the high scenario, 
since it can provide an updated and revised A2-like scenario, which would allow comparisons 
with earlier climate assessments and thus continuity from the perspective of the CM community. 
This scenario includes features requested by the IAV community, namely a high magnitude of 
climate change and factors related to higher vulnerability (e.g., higher population growth and 
lower levels of economic development);
Both the AIM and the MiniCAM models could provide the required data for the intermediate 
levels. The MiniCAM model was chosen for RCP4.5, while AIM was chosen for RCP6.
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Figure 5. Radiative forcing compared to pre-industrial (left panel) and energy and industry CO2 emissions (right panel) 
for the RCP candidates (colored lines), and for the maximum and minimum (dashed lines) and 10th to 90th percentile  

and should not be considered probabilities. Blue shaded area indicates mitigation scenarios; gray shaded area indicates 
baseline scenarios.14

14  Note that it was not possible to clearly distinguish between energy/industry and land-use emissions for all scenarios in the 
literature. Therefore, the CO2 emissions ranges in Figure 5 (denoted by the blue and gray shaded areas in the left panel)  
include scenarios with both energy/industry and land-use CO2 emissions.

IPCC Expert Meeting Report: Towards New Scenarios - Technical Summary

Taylor et al. (2012)	





GCM Projections of 21st Century Changes: ���
Potential change intensity follows SST minus tropical-mean SST	
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Vecchi and Soden (2007, Nature)	





“Downscale” Climate Model Projections With High-Resolution or 
Statistical Models 	



Large-scale
Global Climate Models -> High-resolution Model 

TS Frequency



Red/yellow = increase	


Blue/green = decrease 

Regional increase/decrease much larger than global-mean.	



Pattern depends on details of ocean temperature change.	



Sensitivity of response seen in many studies 
	

	

 	

 	

e.g., Emanuel et al 2008, Knutson et al 2008, etc 

Adapted from Zhao et al. (2009, J. Climate) 

Response of  TC frequency in single 50km global atmospheric 
model forced by four climate projections for 21st century	





Dynamical models exhibit consistent relationship to MDR and tropical SSTs - 
all consistent with observations	



Poisson model of 2-day duration TS (vertical) vs.���
dynamical downscaling results (horizontal)	



Villarini et al (2011, J. Clim)	





Vecchi, Swanson and Soden 	


(2008, Science) 
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Two Statistical Projections of Atlantic Hurricane Activity	





Vecchi, Swanson and Soden 	


(2008, Science) 
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…Add Dynamical Projections of Atlantic Hurricane Activity	





Vecchi, Swanson and Soden 	


(2008, Science) 

Observed Activity	


Absolute Atlantic 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Projections 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…Add Dynamical Projections of Atlantic Hurricane Activity	





Strongest cyclones projected with double downscaling	



Large-scale	


Global Climate Models -> Regional Model -> Hurricane model	



TS Frequency	

 Intensity	



Adapted from ���
Bender et al (2010, Science)	





Overall frequency decrease, but strongest storms may become more frequent	



Adapted from Bender et al (2010, Science)	





Hurricanes and CMIP5	


New coupled model inter-comparison, includes 
large aerosol reductions in future projections.	





New 21st Century Scenarios include big aerosol forcing, 
many new models have more ways to respond to aerosols	



Vecchi et al. (2012, in prep.)	



Projected pollution 
controls: reduced 
aerosols	



2100 CO2 ���
~1.2x1990	



2100 CO2 ���
~4x1990	





New 21st Century Scenarios include big aerosol forcing, 
many new models have more ways to respond to aerosols	



Vecchi et al. (2012, in prep.)	



Projected increase in 
wealth => ���
pollution controls => 
reduced aerosols	





In CMIP5, some factors impacting hurricanes (shear and potential 
intensity) show impact of non-GHG forcing.	



Vecchi et al. (2012, in prep.)	



Lower: Potential Intensity:���
theoretical upper bound on storm strength	



Response to CO2 increase	


RCP2.6: Small CO2 increase���

& large aerosol decrease	



Jun-Nov averages:    left at CO2 doubling    right 2051-2070 	



Upper: Sea surface temperature	





Use homogenized data and HiRAM storm counts to build 
statistical models for exploration, prediction and projections	



Statistical NA TS Projections from 17 CMIP5 CGCMs	



Consistent with high-res dynamical models, understanding on controls to 
hurricanes & “cheap”.	



Rate = ea+bSSTATL!cSSTTRO

Knutson et al. (2008) Swanson (2008), Vecchi et al. (2008),  Zhao et al. (2009, 2010), Villarini et al. (2010, 2011.a.,.c), Villarini and Vecchi (2011, 2012)	



!

!

Villarini and Vecchi (2012)	





GFDL-CM3 indicates aerosols key for NA TS projections	



Villarini and Vecchi (2012)	



All Forcing	


No future aerosol or O3	



No future aerosol	





C180-HiRAM NA Hurricane Projections including CMIP5	



Adapted from Zhao et al. (2009, J. Clim.) and Held et al. (2012, in prep)	



CMIP3	

 CMIP5	





Key uncertainty sources to projections of decadal TS activity	



Sources of uncertainty (after Hawkins and Sutton, 2009)	


•  Variability: independent of radiative forcing changes	


•  Response: “how will climate respond to changing GHGs & 

Aerosols?”	


•  Forcing: “how will GHGs & Aerosols change in the future?”	



Villarini et al. (2011), Villarini and Vecchi (2012, submitted)	



Tropical Atlantic SSTA	

 NA TS Frequency	





Summary	



•  Premature to attribute the observed increase in NA TC activity to radiative forcing, particularly 
greenhouse gases	



•  “Relative SST” a parsimonious description of SST (tied to stability and atmospheric changes):	


•  1982-2007 TC increase in NA due to pattern of SST change - what drove pattern? ���

Not robustly associate with CO2 response of CMIP3/CMIP5 models���
Consistent with internal variability in some CMIP3/CMIP5 models���
Indications that aerosol (soot, dust, etc.) reductions contributed	



•  NA Hurr. Response to CO2: likely fewer, probably stronger, probably wetter���
NA Hurr. Response to aerosol reduction: probably more & stronger (how many/much?)	



•  Internal variability and systematic model differences dominant source of uncertainty in tropical 
storms even at century scales. On long timescales forcing uncertainty dominates for SST.	



•  Hybrid hurricane forecast system exhibits skill from November of previous year, preliminary 
multi-year forecasts results encouraging.	



•  If sensitivity in high-res GCM correct, may need to predict decadal SST patterns better than we know 
past changes.	



Gabriel.A.Vecchi@noaa.gov	





Initialized seasonal and multi-year 
hurricane forecasts	



• Experimental long-lead seasonal forecasts	



• Experimental multi-year to decadal forecasts	





Experimental Extended (one year lead) Atlantic Hurricane Forecasts	



GFDL “HyHuFS “:  Experimental forecast for next season  
• Hybrid (statistical-dynamical) Hurricane Forecast System (as early as October) 
• Retrospective performance (1982-2009, with 2010-2011 based on actual forecasts)  

Source:  Vecchi et al. 2011 Monthly Weather Review. 

March forecasts: 
r = 0.6 

http://www.gfdl.noaa.gov/hyhufs	



EXPERIMENTAL:	


NOT OFFICIAL 

FORECAST	





Experimental decadal predictions���
Hybrid system: statistical hurricanes, dynamical decadal climate forecasts	



•  Retrospective predictions encouraging.	


•  However, small sample size limits 

confidence	


•  Skill arises more from recognizing 

1994-1995 shift than actually predicting it.	


•  This is for basinwide North Atlantic 

Hurricane frequency only.	



Vecchi et al. (2012 in prep.), see also Smith et al. (2010, Science)	



EXPERIMENTAL:	


NOT OFFICIAL 

FORECAST	





Sensitivity to SST Uncertainty	



If AGCM sensitivity (and relative-SST statistical 
models) correct:	


	


We may need to predict decadal SST changes 
better than we know past changes.	


(even over the satellite-SST era;1982-2010)	





Ability of AGCM to Recover Multi-decadal TS Variability 
Depends on SST Forcing	



Observed	



HadISST-Forced AGCM	



ERSST-Forced AGCM	


Vecchi, Zhao and Held (2011, in prep.)	





Model Response Exhibits Sensitivity To Forcing Used	


Tropical Storm Frequency Response to Same 

AGCM but different estimates of observed SST	



Vecchi, Zhao and Held (2011, in prep.)	



How do we evaluate model skill in this context?	



AGCM is 100km version of Zhao et al (2009, J. Clim.)	



Obs	


AGCM	



Obs	


AGCM	



HadISST forced	

 NOAA-OI.v2 forced	




