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ABSTRACT

The potential relationship between the characteristics of tropical cyclones and climate change is scientifically and socially complex but one of great importance.  This paper presents an alternative view to that presented by Pielke et al. (2005).  We agree that societies’ vulnerability to tropical cyclones is increasing, primarily owing to increasing population and property values near the coasts.  However, there are other important factors and issues that are not considered in Pielke et al.  Tropical ocean temperatures and atmospheric temperatures and water vapor are increasing, and recent studies support increases in cyclone intensity and rainfall over the past 30 years.  Sea level is also rising, making coastal areas more vulnerable to storm surge.  It is thus inappropriate to declare or imply that there is no significant relationship between climate change and tropical cyclones.  When combined, increasing coastal populations, higher sea levels, and increasing storm intensity and rainfall make for a much greater impact and increased vulnerability than considerations of demographic changes alone.  Further, the temporal and spatial variability of greenhouse gas and aerosol forcing is also disturbing the general circulation, including the El Niño/Southern Oscillation, the Quasi-Biennial Oscillation, the North Atlantic Oscillation, and the Atlantic Multidecadal Oscillation.  These patterns of climate variability affect the frequency and paths of tropical cyclones, although in ways not yet fully understood.  Prudence requires that all factors associated with tropical cyclones, climate change, and associated threats to society be taken seriously and planned for appropriately.

The potential relationship between tropical cyclone and global climate change is scientifically and socially complex, with great implications for society.  The article with the all-encompassing title “Hurricanes and Global Warming” by Pielke et al. (2005) raises several important points, yet it is incomplete and misleading because it: (1) fails to take into account several of the most important aspects of the potential relationship between hurricanes and global warming, including rainfall and storm surge; (2) gives the impression that there is no connection between recent climate change caused by human activities and hurricane characteristics and impacts; and (3) understates the role of possible trends and variations in tropical storms in causing impacts as compared to increasing social vulnerability.

It is true that society’s vulnerability to hurricane damage is increasing rapidly, predominantly because of increasing population and property value near coastlines.  Yet it is this very increase in vulnerability that makes it even more important to identify and understand possible relationships between tropical cyclones and climate change.  And, although there remains much uncertainty about the relationship between hurricanes and climate change, there are many reasons for concern.

Global and tropical atmospheric temperatures near the surface and aloft (Parker et al., 2004; Jones and Moberg, 2003; Smith and Reynolds, 2005; Santer et al., 2005) and water vapor (Trenberth et al., 2005) are increasing, and ocean temperatures and sea level are rising (Cazenave and Nerem, 2004; Lombard et al., 2005).  Heavy rains have also increased (Trenberth, 2005).  Models project these increases to continue well into this century under all plausible scenarios of greenhouse gas emissions (IPCC, 2001).  It is well known that tropical cyclones form only over warm oceans from which they gain their energy, largely in the form of latent heat of condensation of water vapor (e.g. Anthes, 1982; Emanuel, 1987; Holland 1997).  Thus, it would not be surprising if a warmer and moister world enhanced overall hurricane activity.  Indeed, a gathering of hurricane specialists concluded in 1998 that the most likely projection was that intensity (as measured by maximum winds) would increase by the order of 10% for a 2xCO2 environment (Henderson-Sellers et al., 1998).

More recent observational work has indicated that overall intensity has increased substantially since the 1970s (Emanuel, 2005; Webster et al., 2005), and modeling studies indicate that both wind speeds and rainfall are projected to increase (Knutson and Tuleya, 2004).  This broad agreement between observations, models, theory, and consensus within the hurricane community is a powerful indicator that we are and will continue to experience increasingly intense tropical cyclones.  While there is no direct evidence at this time, it is quite possible that the number, path, or other characteristics may change as the general circulation changes in a warmer world.  With a rising sea level due to warmer oceans and melting ice caps, moreover, storm surges associated with tropical cyclones will cause greater impacts even if other aspects of tropical cyclones were to remain the same.  Although rainfall-induced inland flooding and storm surge are the leading causes of damage and loss of life in hurricanes (Simpson and Riehl, 1981; Pielke and Pielke, 1997; Rappaport, 2000; Negri et al., 2005), neither is mentioned in the Pielke et al. (2005) article.

The modeling studies of Knutson and Tuleya (2004) find that roughly a 2ºC increase in subtropical sea surface temperatures leads to a few percent increase in peak wind speed.  With tropical ocean warming of about 0.6ºC over the instrumental record, including about 0.5ºC since about 1970 (Figure 1), there is already likely some effect on peak winds, even if this change is below the observational detection limits because of the large variability (Trenberth, 2005).  However, because damage is proportional to the cube of the wind speed, this does not mean that there is not some significant increase in damage potential occurring.  A recent study by Emanuel (2005) shows a 70% increase since the mid 1970s of an index of hurricane activity related to the total power dissipation, which is proportional to the cube of the maximum wind speed, integrated over the lifetime of the storm.  Moreover this index is very strongly correlated with SSTs.  Another study by Webster et al. (2005) indicates a large increase over the past 35 years in the number and proportion of intense hurricanes (those reaching Categories 4 and 5) in all hurricane basins, although there is no significant change in total number of tropical cyclones over this period.  In the Atlantic 2005 will likely end up as the most active hurricane season on record; Tammy was the 20th named storm, and both Rita and Katrina were Category 5 storms before they made landfall in the United States with tens, perhaps hundreds, of billions of dollars in damage, making Katrina the most costly storm on record.

The modeling results also make clear that increasing ocean temperatures will lead to a significantly larger percentage change in the amount of precipitation.  Knutson and Tuleya (2004), using nine different models and specified SST increases ranging from 0.8 to 2.4ºC, estimate on average an 18% increase in peak precipitation rates at the time of CO2 doubling in a series of transient simulations.  Such increases are already being observed (Trenberth, 2005), and rainfalls exceeding 12 inches were recorded in both Katrina and Rita.  Increases in precipitation rates and amounts, especially in more mountainous regions, would significantly increase flooding, leading to more extensive damage and loss of life, especially because virtually all additional precipitation on water-saturated soils goes into runoff.

The Pielke et al. (2005) analysis also fails to mention the associated impacts of hurricanes and human-induced sea level rise.  Global warming is leading to sea level rise – averaging 3 mm yr-1 over the past decade when satellite altimetry provides greater confidence (Cazenave and Nerem, 2004), and the mid-range projection is for a further 0.5 m rise over the 21st Century (IPCC, 2001).  Even without the projected increase in hurricane winds, storm surges will reach farther inland, and with wave height in shallow water depths expected to increase by 50% more than the amount of sea-level rise, damage can be projected to be considerably more extensive.  The coast of Louisiana is the U.S. poster child of what acceleration of the rate of rise in sea level is going to mean in many other locations around the country and around the world (e.g. Bangladesh).

The Pielke et al. (2005) conclusion that the recent (since 1995) observed increases in Atlantic hurricane frequency and intensity are within the range of observed multi-decadal variability are true as far as they have taken the analysis.  A number of multi-year-scale atmospheric and oceanic oscillations including the El Niño/Southern Oscillation phenomenon, the Quasi-Biennial Oscillation, the North Atlantic Oscillation (NAO), and the Atlantic Multidecadal Oscillation (AMO) have a large impact on hurricane frequency, intensity, and tracks.  However, Pielke et al. (2005) assume all the variability during the 20th Century has been natural, and this is very likely not the case (e.g., IPCC, 2001; Hoerling et al., 2004).  In particular, the multidecadal variations tend to be specific to each ocean basin and tend to be compensated globally by opposite fluctuations elsewhere.  The study by Webster et al. (2005) specifically shows an increase in all ocean basins and an overall global increase, which is the type of signature that would be expected from global warming changes.

Recent detection and attribution studies indicate that human influences have over the past 35 years caused both regional increases and decreases in temperature due to greenhouse gases and sulfate aerosols, respectively (IPCC, 2001; Tett et al., 2005; Barnett et al., 2005).  The time-varying latitudinal and regional patterns of radiative forcing caused by the globally well-mixed greenhouse gases and the spatially heterogeneous concentrations of sulfate aerosol have already disturbed the atmospheric circulation.  For example, Tett (2003, Fig. 4) indicates that the time-varying patterns of human-induced forcing appear to be creating changes that could easily be mistaken for multidecadal natural variability.  Thus, these non-uniform forcings are likely affecting the characteristics of the slowly varying atmospheric-ocean oscillations and the general circulation in complex nonlinear ways, which then affect tropical cyclones.

It is also possible the AMO, which plays a large role in Atlantic hurricane frequency and tracks (Kerr, 2005) as well as the intensity and duration (Emanuel, 2005), is being affected by human-induced climate change.  The AMO describes the multi-decadal variations in SSTs that are likely driven by variations in the Atlantic Meridional Overturning Circulation (MOC; Delworth and Mann, 2000).  Changes in the freshwater balance of the Atlantic Ocean over the past four decades, revealed by Dickson et al. (2002) and Curry et al. (2003), show freshening in the North Atlantic and also south of 25(S, while salinity has increased in the tropics and subtropics, especially in the upper 500 m.  The implication is that there have been substantial increases in moisture transport by the atmosphere from the subtropics to higher latitudes, in association with changes in atmospheric circulation, such as the NAO, and global climate change.  Such changes impact the ocean currents and likely the AMO.  Potential changes to the Atlantic MOC have been a focus of many climate studies (e.g., IPCC, 2001).  Most (but not all) global coupled ocean-atmosphere models project some weakening of the Atlantic MOC in response to increasing GHG concentrations, although the nature and mechanisms for the changes vary considerably from model to model.  Regardless, it is likely the observed warming of the tropical oceans in recent decades (Figure 1) contains an anthropogenic component (e.g., Knutson et al. 1999; Hurrell et al. 2004; Barnett et al. 2005).

Finally, the Pielke et al. (2005) article is critical of scientists who have publicly suggested that the intense hurricane season of 2004 and that its impacts could be related to global warming, while ignoring skeptics who have publicly claimed that there is no relationship and no theory to support any relationship.  Some climate scientists have even asserted that global warming should reduce the frequency and strength of hurricanes
.  Of course, no one event or season can be associated with changes in climate, and no reputable scientists have made such claims. However, it is equally inappropriate to declare or imply that the current observed global changes and seasons with storms of unusually high frequency or intensity are not associated with global warming. Whether the current observed and projected changes in hurricane characteristics are associated with global warming will become more and more evident with time.  

It is premature to draw definite conclusions about the ultimate effect of global warming on tropical cyclones and other extreme atmospheric events.  However, in a warmer, moister world with higher SSTs, higher sea level, altered atmospheric and oceanic circulations, and increased societal vulnerability, it would be surprising if there were no significant changes in tropical cyclone characteristics and their impacts on society.  Indeed, the broad agreement between theoretical and modeling studies, together with the strong evidence from observational analysis implies that the balance of probabilities is that not only will tropical cyclone intensity increase with anthropogenic warming but that this process has already commenced.  The precautionary principle argues for further scientific study to improve understanding and long-term projections, improvements in the forecasting and warnings of tropical cyclones worldwide, and mitigation measures such as planning for possible losses through enhanced building codes, restrictions on where to build, and improving infrastructure to cope with winds and floods, even if some of the more extreme scenarios do not eventuate.
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Fig. 1:  Time series of global annual SST anomalies (ºC) over the tropics from 20N to 20S (bars) and with a 7-point filter (solid line) that emphasizes decadal variations.  The values are departures from the 1961-90 climatological annual average from the Rayner et al. (2003) dataset.  Figure courtesy John Fasullo, NCAR.
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