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Abstract

Tropical cyclones account for a significant fraction of damage, injury, and loss of life from natural hazards and are the costliest natural catastrophes in the US1.   This certainly makes the study of these phenomena essential and always timely.  This literature review will recap and analyze the findings of multiple acclaimed climatologists regarding the changes in number, duration, intensity and most importantly the destructiveness of tropical cyclones in a warming climate. These results will be framed by the current events of today’s climatological debates.
Only recently, in response to a highly active Northern Atlantic hurricane season of 2005, has the weather (or more specifically, the climate) been brought into the light of the mainstream media.  In today’s internet age, more and more of the public are becoming aware of trends scientists and researchers are putting forward.  A November headline at the MSNBC.com weather page read, “Rise in deadly storms worries researchers.” These articles are also spawning media events such as the CBS television movie titled, “Category Seven: The End of the World.”  Is all of this just exaggerated hype or do these claims have underlying proof?  After witnessing the destruction and strengths of Hurricanes Katrina, Rita, and Wilma you can’t second guess anything.
In fact, the last decade has seen quite a few “billion-dollar” storms2.  First there was Opal in 1995, Fran in 1996, Floyd in 1999 and Allison in 2001.  Then the deadly quartet of Charley, Frances, Ivan and Jeanne ravaged Florida in rapid succession. The records only got worse after the 2005 season ran out of names as the National Hurricane Center progressed to Hurricane Epsilon of the Greek Alphabet.  In 2004, the first ever “backward” hurricane was recorded -- Hurricane Catarina slammed into Brazil as the first cyclone south of the equator in the Atlantic Ocean.  Water temperatures are generally too cool to provide the energy necessary to adequately intensify any low pressure systems, and wind shears at higher altitudes are typically so strong they cut the chimney's off any developing storms3. In 2005, we saw the most intense Atlantic hurricane ever in Wilma clocking in at just over 175mph. So what is happening to our climate? Hugh Willoughby, the former director of hurricane research at the National Oceanic and Atmospheric Administration (NOAA) was quoted saying, “ [This] situation would be deliciously ambiguous if there were not thousands of lives and billions of dollars on the table.”2 Let us take a bite into this delicious debate.
Webster et al. examined the number of tropical cyclones and cyclone days as well as the cyclone intensity over the past 35 years, in an environment of increasing sea surface temperature.  Their team noted that the analysis of hurricane characteristics in the North Atlantic has shown an increase in the hurricane frequency and intensity since 19954.  Webster et al. bring forth the argument that there is debate between the relationship between increasing hurricane frequency and intensity and increasing sea surface temperature (SST).  This casual conclusion is based off the assumption that an acceleration of the hydrological cycle is raised from the nonlinear relationship between saturation vapor pressure and temperature4.  They also note that it is well established that SST > 26 ºC is a requirement for tropical cyclone formation in the current climate.  A relationship between SST and the maximum potential hurricane intensity is also brought forth.  However, Webster et al. neutralize this claim by stating that strong interannual variability make it difficult to discern any trend relative to the background SST increases.  Other factors are cited for their role in regulating hurricane characteristics, including vertical shear and mid-tropospheric moisture4.  Webster et al. states that using global modeling results for doubled CO2 content yields inconsistent projections in predicting an increase or decrease in the total number of hurricanes, although most simulations predict an increase in hurricane intensity4.  SST trends for the satellite era (1970-) increased by 0.5ºC on average as seen in Figure 1 below. 
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Figure 1
In each ocean basin (indicated by color) Webster et al. examined the number of tropical storms and hurricanes, the number of storm days (duration), and the hurricane intensity distribution.  Figure 2 below shows the time series for the global number of tropical cyclones and the number of tropical cyclone days.  Their team concludes that none of the time series shows a trend that is statistically significant from zero in both cases4.
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Figure 2
The only exception Webster et al. found was that the North Atlantic Ocean possesses an increasing trend in frequency and duration that is significant to the 99% level4.  One logical conclusion their team developed is that based on the North Atlantic observations of increased hurricane characteristics along with increased SST, the two must both be results of global warming4.  Yet, Webster et al. clearly conclude that no global trend has yet emerged in the number of tropical cyclones.  Regarding the intensities of the hurricanes, the number of category 4 and 5 ( the strongest storms) has increased significantly during the past decade as seen below in Figure 3.  
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Figure 3
As you can note, the maximum wind speed has remained constant over the last 35 years.  Webster et al states that the increase could possibly be due to long-period oscillation, but a longer global data set would be required.  Their team concludes that the data indicates a 30 year trend toward more frequent intense hurricanes, which they state is not inconsistent with recent climate model simulations that a doubling of CO2 may increase the frequency of the most intense cyclones4.  So far, we have discovered that no global trend exists in the number or duration in hurricanes based on increasing SST, which may or may not be from increased CO2 production.  Yet it is clear that the frequency of strong (category 4 & 5) has increased, but this may be only due to long-term oscillations or it is possible it is due to global warming (from increased CO2).  Knutson et al.5 researched this latter topic in 1998.

Knutson’s team investigated the changes in storm intensity due to climate warming from increased CO2 climates using a high resolution hurricane prediction model, specifically the Geophysical Fluid Dynamics Laboratory (GFDL) R30 coupled ocean-atmosphere climate model.  The study was focused only on the northwest tropical Pacific regions where the strongest typhoons are observed5.  51 storm cases in a from a controlled set were compared to 51 storm cases in a high-CO2 climate, and the results were compiled into the charts in Figure 4 to the right.  The geographic distribution and magnitude of the wind speeds in the control cases are fairly similar in comparison to the observed conditions. Specifically, there is a decrease in the maximum intensities over higher latitudes, near the equator, and over land.  Knutson et al. states that one shortcoming of their simulations is that wind speeds in the strongest storms appear to be slightly under predicted in the control cases as compared with actual observations5.  Their team concludes that the [image: image1.png]300
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high-CO2 distribution has more areas of very intense wind speeds than does the control    Figure 4 distribution which suggests a modest increase in maximum surface winds in response to CO2 induced warming5.  Figure 5 below shows that the simulated maximum wind with the highest frequency occurrence is about 5 m/s more intense in the high CO2 cases, and that the median if the high CO2 wind speed distribution is 3.2 m/s higher than in the control. This tendency is statistically significant at the 90% confidence level5.
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The increase in frequency of stronger storms corresponds well with the same relationship developed by Webster et al. Yet, the shift indicated by Knutson et al., that higher wind speeds will be obtained is in contradiction to the black line in Figure 3 which dictated a constant maximum wind speed for over 35 years.  The Knutson et al. study did not address the effect of the storm itself on SST, uncertainties in air-sea exchange processes, sensitivity to model resolution or model physics, or an application to other tropical cyclone basins.  Uncertainties to Webster et al.’s constant black line in Figure 3 could be from different ways of measuring the wind speeds. Often wind speed is gathered from radar, or extrapolated from pressure reading, yet in the Northern Atlantic basin air craft reconnaissance make direct wind velocity measurements. Due to limitations in data sets and lack of similar measures, we are left us with another hypothesis that is in contradiction to other studies, and is only relevant in one tropical cyclone basin: for a SST warming of 2.2 ºC, the simulations yielded hurricanes that were more intense by 3 to 7 m/s in the northwestern Pacific basin.


  Perhaps the most groundbreaking ideas have come from climatologist Emanuel, K.  He touched on the former discussions 10 years prior, remarking that estimates based on conditions over the tropical oceans predicted by a general circulation model with twice the present CO2 content yield a 40-50% increase in the destructive potential of hurricanes6.  Notice that the intensity of the hurricane was not investigated, but rather the destructive potential.  Emanuel expands on this measurement factor in a 2005 publication to Nature1.   

The index of destructive potential is defined based on the total dissipation of power, integrated over the lifetime of the cyclone1.  Innovatively, Emanuel sidesteps the inconsistencies and controversial trends, and declares that although the frequency of tropical cyclones in an important scientific issue, it is not by itself an optimal measure of tropical cyclone threat. The actual monetary loss in wind storms rises roughly as the cube of the wind speed as does the total power dissipation(PD), which, integrated over the surface are affected by a storm and over its lifetime is given by1: 
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( where CD is the drag coefficient, ρ is the surface air density , and V is the magnitude of the surface wind, the integral is over the radius to an outer storm limit given by ro and over τ, the lifetime of the storm).  PD is assessed with the units of energy and reflects the total power dissipated by a storm over its lifetime.  Emanuel simplifies PD to a potential destructiveness index:                            
Emanuel admits that the PDI is not a perfect measure of tropical cyclone threat, but it is a better index of tropical cyclone threat than storm frequency or intensity alone.                   [image: image6.png]14
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Figure 6
Figure 6a depicts the PDI for the North Atlantic and the tropical SST; The clear correlation is linked to a r2=0.65 value suggesting that the tropical SST exerts a strong control on the PDI1.  The shorter oscillations are perhaps a result of the El-Nino/ Southern Oscillation (ENSO), but the large upswing in the last decade is unprecedented, and possibly reflects the effect of global warming1.  Figure 6b represents the Pacific basin, whereas figure 6c is an averaged plot of the two basins.  The upturn in tropical mean surface temperature since 1975 has been generally ascribed to global warming, suggesting that the upward trend in tropical cyclone PDI values in least partially anthropogenic.  Subscribing to Knutson et al.’s theories, the peak wind speed of tropical cyclones should increase by about 5% for every 1 ºC increase in tropical ocean temperature.  Since there has only been a 0.5ºC increase observed, these peak wind speeds should have only increased by 2-3%, and the PD by 6-9%, and the PDI by 8-12%. This falls well short of the observed change of nearly 50%. 

Tropical cyclones do not respond directly to SST, however, but closely follow the SST (does not keep pace with SST)1.  Given the observed increase of about 10%, the expected increase of PDI is 40%, which is closer to the initially observed change1.  Emanuel suggests other factors that may play a part in the increase in intensity such as vertical wind shear, temperature distribution of the upper-ocean, and sub-surface temperatures. Emanuel bluntly states that regardless of the cause, a near doubling of power dissipation should be a serious matter of concern, especially when taking into account the increasing coastal populations.

Summarizing the three main authors’ conclusions, Webster et al. concluded that there was no global trend in the number or durations of hurricanes with increasing warming. Yet, their team did note that there will be an increased frequency of stronger hurricanes.  Knutson et al. concluded that in the northwest tropical Pacific regions, for SST warming of 2.2 ºC, the simulations yielded hurricanes that were more intense by 3-7 m/s for wind speed.  Emanuel, K. developed are more novel approach to estimate the actual threat of hurricanes by choosing not to test for simply intensity or frequency, but defining an index of potential destruction based on the total dissipation of power, integrated over the lifetime of the cyclone. His results indicated PDI increases beyond 50% over the period of record (30 years).  Emanuel’s conclusions have to be the most astonishing as the PDI is perhaps the best measure of the threat of a hurricane.

We have all been awed by the super-disasters shown by Hollywood, but is there any truth in these cinema blockbusters? Disturbingly, wasn’t watching Hurricane Katrina footage on the news similar to scenes from such a movie? Based on the predictions stated above, we can expect to see no real change in the number or duration of hurricanes on a global basis.  We can, and should, expect to see hurricane intensities increase as the CO2 induced warming heats the globe -- and more importantly, we should expect to see some significant amount of increase in the potential destructiveness of hurricanes over the next 30 years in a warming climate.  It may be possible that natural long-term oscillations dominate the forces of mother-nature, but until the necessary data becomes available we must prepare for the worst.  
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