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Motivation: trend in counts 

• Apparent trend in 
storm counts 



Motivation: 
observational Bias 

Landsea, EOS2007 



Motivation: 
Normalized Hurricane Damage (NHD) 

Avg: 
14bn$/yr 

(2013$) 



Motivation: 
Normalized Hurricane Damage (NHD) 

Corrected for ”wealth at risk” 

Avg: 
14bn$/yr 

(2013$) 



Motivation: Hurricane damages  
(corrected for societal changes) 



Background 

• Warmer sea surface temperatures (SST) are 
favourable to tropical cyclones. 

• But warming may also increase vertical wind 
shear, which would be unfavourable. 

• Relationship to warming is not trivial. 
 



Knutson et al. NGEO 2010 



IDEA: Use tide gauge records of storm surges 

• The strong winds and intense low 
pressure associated with tropical 
cyclones generate storm surges.  

• wherever tropical cyclones prevail they 
are the primary cause of storm surges.  
 

• Storm surges are the most harmful 
aspect of tropical cyclones in the 
current climate 
 

• A record of storm surge intensity 
would therefore be a useful measure 
of a major part of hurricane threat. 



Pre-Processing: Extracting the hurricane surge 



Constructing an independent & homogeneous 
regional Surge Index 

• We use 6 long tide gauge records in the tropical 
atlantic. (1923 onwards) 

• Daily averages to minimize influence of wave 
dynamics, and instrument changes (incl. harbour 
development).  

• Day to day differencing to remove the tidal signal and 
the influence from global sea level rise. 

• Squared: The potential energy stored in a sea level 
perturbation is related to the square of the vertical 
displacement of the sea surface 

• Normalize + Remove seasonal cycle from each record 
to make them comparable. (Local bathymetry may 
make some locations particular sensitive to storm 
surge). 

• For each day choose the maximum squared-change 
from each of the records. 

Tide prediction 

Criteria: long & 
almost complete 



The definition of a Katrina Benchmark 

Highest High water mark (+10m) 



 
Does the surge index really respond to 
hurricanes? 

ACE: Accumulated Cyclone Energy (Wind2) 
US-prefix: calculation restricted to storms 
that made US-landfall.  



The surge index is a proxy for cyclone activity! 

 



The surge index is a proxy for cyclone activity! 

 

42 of top-50: 
known tropical storms 

 
remainder primarily 

severe winter storms. 



Very good agreement with many other measures of cyclone activity. 
 

Especially measures which emphasize large land-falling hurricanes.  
 

Only notable exception is trend of Normalized Hurricane Damages (NHD) 
which has been subjected to heavy trend corrections. 

Comparisons with other measures of cyclone 
activity 



Very good agreement with many other measures of cyclone activity. 
 

Especially measures which emphasize large land-falling hurricanes.  
 

Only notable exception is trend of Normalized Hurricane Damages (NHD) 
which has been subjected to heavy trend corrections. 

Comparisons with other measures of cyclone 
activity 

Interpretation:  
this is a record of 

Hurricane surge threat 



Mean surge index over season 

Frequency above surge 
index threshold 

“accumulated cyclone 
energy” of landfalling 
cyclones 

Global temperature 
(gistemp) 



Grouping according to global temperature... 

Surge index 
series is 

not stationary 

ξ: shape 
σ: scale 
μ: location. 



Non-stationarity 

• It is non-stationary... 
• We fit the surge index record with a non-stationary GEV 

distribution with parameters varying with a predictor as: 
 

Illustration: Menéndez et al. 2009 



Two potential predictors: 
MDR & rMDR 

Emanuel 2005 

Vecchi et al. 2008 argues that MDR 
minus tropical mean SST also correlates.   



3 potential predictors: 
MDR, rMDR & GlobalT 

 
 
 



Model using Global T as predictor. 

Non-stat params: 
All Positive 



1 degC global warming 

More and 
Stronger 



Which models fit best? 

• MDR SST best 
simple model 

• Global T also really 
good. 

• rMDR worse than a 
linear trend. 

• Trend is so large 
that it can explain 
more than the 
natural variations 
such as ENSO. 
 

• Quite high 
sensitivity  



Katrina events vs global temperatures 

Baseline 1980:2000 



Odds map 
How good are surface temperatures as surge index distribution 
preditors? 

Global temperatures 
are much better 
predictors than 

almost everywhere 
on earth. 



Non-stationarity parameters...  

Land-falling 
Cyclones cool US. 

Longer tails in 
warm years. 

More extreme 
events. 

No sign of a 
negative 

’correlation’ with 
tropical SST 

except for Eastern 
Pacific (ak). 

Consistent with known 
relationships: 

e.g. MDR, ENSO 
Sahel region 

Tail param 

Scale param Location param 



Change in Katrina return period associated with  
2degC warming.  Warming 

More frequent Katrinas 

Warming  
Less frequent Katrinas 



One model projection 



Results: 

• Constructed a homogeneous record of hurricane surge threat 
since 1923 

• Katrinas are twice as frequent in globally warm years compared 
to cold.  

• Found that temperatures are much better predictors than rMDR. 
• GlobalT is a very good predictor.  (surprisingly perhaps) 
• ~0.4°C global warming → halving of Katrina return period.  

• This is less than the warming over the 20th century.  

• Arguably: We are crossing the threshold where large hurricane 
surges are more likely ‘caused’ by global warming than not. (or 
indeed have crossed) 

 
 
 
 



Questions? 
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