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Abstract

The recent increase in the number of tropical cyclones (TCs) in the Atlantic basin has prompted the need for a better understanding of the factors controlling the increase. The Atlantic Warm Pool (AWP) is known to impact hurricane trajectories by shifting the origin of the storms eastward, and thus reducing the probability of landfall in the United States. However, it is still unclear if and how the AWP affect hurricane intensifications. Therefore, in this research, the potential role of the AWP on hurricane intensification is investigated.  This study goes beyond surface temperature profiles, and focuses on the potential significance of the depth and heat content of the AWP on the intensification of TCs. Using the Simple Ocean Data Assimilation reanalysis, and the HURDAT data set, a minimum ocean heat content (OHC) threshold is established for the intensification of TCs into category five hurricanes. The projected changes in the established minimum threshold under the IPCC RCP 4.5 and 8.5 scenarios are further analyzed using the ensemble OHC mean from 16 CMIP5 models. Results suggest that OHC will continue to rise in accordance with the net gain in incoming radiation attributed to greenhouse gas emissions (GHG). Speculations of the possible expansion of a well-developed AWP region capable of sustaining category 5 hurricanes are given. Although other atmospheric variables have to be taken into account, these preliminary results primarily suggest that a high OHC in the AWP area may be a necessary condition for a TC to develop into a category five hurricane, indicating that subsurface temperature profiles may be useful as predictors when forecasting the intensity of a TC. Results are also indicative of a higher probability of major hurricane occurrence and land-falling due to the changes in the geographical extent of the AWP.

1. Introduction

Although there has been an improvement in track forecasts over the past 30 years, intensity forecasts have not advanced accordingly. Some of the dynamics and factors that control the changes in intensity of a tropical cyclone (TC) are still not fully known, and are currently a major focus of study. The increase in the number of Atlantic hurricanes in recent years has caused a higher probability of landfall in the United States. The 2005 hurricane season broke records when 26 TCs formed, out of which 13 reached hurricane intensity. During each hurricane season land-falling cyclones become responsible for the loss of lives, as well as material damage in the area of impact. During 2005 hurricane Katrina alone led to about 1200 deaths and caused damages estimated at $80 billion dollars. These losses have made it imperative to conduct further research in the quest to enhance TC predictability, thus reducing the errors used in forecast models and helping to mitigate these impacts. Recently, as an effort to reduce the errors in hurricane forecasts, ocean-atmosphere interactions have been taken into consideration when studying the genesis and intensification of TCs.

 The AWP is a large body of water comprised by the Gulf of Mexico, the Caribbean Sea and the Western Tropical North Atlantic. It is characterized by sea surface temperatures above 28.5 °C. The AWP has a very high and significant impact on the general development and movement of a TC. Studies have shown that one of the effects of an eastward expanding warm pool is to shift hurricane genesis locations eastward (Wang et al. 2011). It has also been shown that the AWP induces changes in the atmospheric circulation pattern causing an eastward shift of the environmental steering flow which is one of the key factors in controlling the track of TCs (Wang et al. 2011). The combination of these two factors creates an environment that limits the possibility of a hurricane to make landfall in the United States. Although the major effects of a large AWP on the track of a TC are known, the effect of the AWP on the intensification of TCs is a topic currently under research. 

Previous studies have suggested that temperature profiles from the ocean’s subsurface might be a better TC intensity predictor than SST alone (Goni et al. 2003). A recent study established a new index, comparable to the Potential Intensity (PI) index, which takes into account sea surface cooling due to the passing of TCs (Lin et al. 2012). The dynamic behind the conclusion of such studies, and one of the basic principles of our current study, is that as a TC passes over a body of water, turbulence is generated in the mixed layer by the storm’s strong winds. The turbulence produced causes cooling of the ocean mixed layer, as the deep cold water rises and warm surface water sinks. Therefore, a thin mixed layer with low OHC would limit the development of TCs, as a negative feedback result from surface mixing. On the contrary, a thick mixed layer with its characteristically high OHC would enhance the development of tropical cyclones due to the reduced surface cooling. This reduction in sea surface cooling is due to the fact that it requires increased turbulence to cause deep cold water to rise to the surface and consequently cool the mixed layer. 

Given that these thermodynamic effects are very clear, it is important to understand how and to what extent they affect the development of tropical cyclones, which is the main objective of this study. This study specifically focuses on the effects of the AWP’s upper thermal structure on TC intensification, rather than on the effects of sea surface temperature (SST). An approach used is to analyze future climate change as a consequence of greenhouse gas (GHG) emission to the atmosphere. Using an ensemble of 16 CMIP5 models, the projections of OHC for the mid- and late- 21st centuries under two IPCC scenarios are analyzed with the goal of determining the implications of future OHC changes in the development of Atlantic tropical cyclones. An minimum OHC threshold to support category five hurricanes is computed using historical records and an ocean reanalysis product. The regional and temporal changes of this threshold are analyzed to determine possible implications in the near- and long-term future. Some implications of an expanding AWP on the intensification of TCs are also given.

2. Data and Methodology

Two different data sets were analyzed for the first portion of this study. Oceanographic data was obtained from the Simple Ocean Data Assimilation (SODA) reanalysis. The SODA data set spans from 1871 through 2008. For hurricane track and intensity observations, the Atlantic basin hurricane database (HURDAT) was used. HURDAT is the official record of tropical storms and hurricanes for the Atlantic Ocean, Gulf of Mexico and Caribbean Sea, developed by the National Hurricane Center.

HURDAT data is first analyzed by correlating the storm’s accumulated cyclone energy (ACE) with the number of tropical cyclones, number of hurricanes, number of major hurricanes, number land-falling hurricanes in the United States and number of land-falling storms in the U.S.

As for the ocean data, seasonal means for August through October (ASO) are calculated for the AWP’s OHC in the upper 100 meter. The number of cases to be studied is reduced to include only those storms that originated or pass through over the region comprised by the AWP. These events are studied individually to determine the number of major hurricanes, specifically category 5 storms that occurred during each year. 

To have a better understanding of the impact of AWP, hurricane tracks are plotted over the monthly mean OHC so that the variability in intensity of each storm as it passed through the areas of low and high OHC can be shown. A minimum threshold of OHC is established for category five hurricanes using the 10th percentile, which indicates that 90% of the OHC values during events of category five hurricanes, were above that threshold.

For the second portion of the study, upper ocean temperature data are obtained from 14 different models used in the Fifth Coupled Model Inter-comparison Project (CMIP5) from 1900 through 2100. The data-set used included historical records, as well as the projections of these models under the Representative Concentration Pathway (RCP) 4.5 and RCP 8.5 scenarios, which are projections that take into account changes in the Earth’s heat budget by radiative forcing. The RCP 4.5 scenario assumes a progressive increment of the energy gained by radiation throughout the years, until reaching the year 2100 where radiative forcing stabilizes at 4.5 Wm-2. Meanwhile, the RCP 8.5 scenario assumes a net energy gain of 8.5 Wm-2 for 2100 but with a continuous increase in radiation past that year. The latter scenario is the pathway with the highest greenhouse emission estimate. In a social-political aspect it is also representative of a rapidly rising population and a society with a slow pace of technological changes. 

The approach taken to analyze the future projections of these models is to calculate the ASO seasonal mean of OHC, averaged over the upper 100m depth, for periods during the late-20th, mid-21st and late-21st centuries. The periods chosen are 1981 through 2000 for the historical records, 2031 through 2050, and 2081 through 2100 for the model projections, where the latter periods were studied for individual RCP scenarios. 

The analysis made for the ASO mean for OHC is based on the changes in the area comprised by the minimum OHC threshold for the intensification of tropical cyclones (TCs) into category five hurricanes. A more thorough analysis is made after studying the time evolution and the seasonal changes of the area delimited by the threshold, as well as the regional evolution of OHC. 

3. Results 

3.1 Ocean Heat Content Threshold

Ocean thermodynamics play an important role in hurricane intensification but it is necessary to know the causes and extent of this effect as well as its possible changes for the future. After identifying all the TCs that reached category five in the Atlantic, results indicated that from a total of 16 hurricanes that reached this intensity, 100% of them intensified in the AWP region. 

In figure 1, the behavior of hurricane Dean as it reached areas of high OHC is shown. Dean developed into a hurricane just as it entered the area delimited by the OHC’s 25th percentile for category five storms (i.e., 75% of all category five hurricanes had an OHC above the 11.21 (109 Jm-2 threshold). Dean intensified into a major hurricane and reached category five as it crossed the area of highest heat content. 

For all other cases, as the example of Hurricane Ivan in Figure 2, the results are similar as hurricanes exhibit more or less the same behavior when passing through areas of high and low OHC. Hurricanes tend to intensify in areas of heat content above the established threshold, as storms with stronger winds cause more turbulence in the ocean’s upper mixed layer, resulting in the reduction of surface cooling in areas where the mixed layer is deep and the OHC is high. This process becomes a positive feedback mechanism for TCs, aiding in their intensification. As storms continue to develop, OHC becomes more significant for hurricane intensification. Therefore, an OHC threshold is established for each individual hurricane category given by the 10th percentile. Special focus is given to the threshold of 10.7(109 Jm-2 established for category five hurricanes.


Table 1 shows the thresholds calculated for every category, given both by the 10th and 25th percentile. These thresholds imply that 90% and 75% of the OHC values at the time of hurricanes intensified to or remains as category 5 (as seen in Figure 3) are above 10.70(109 Jm-2 and 11.21(109 Jm-2, respectively. It is important to note that the intensity tends to increase in proportion to the amount of OHC available in the ocean’s upper thermal structure. As discussed, Figure 3 shows OHC values versus the maximum wind speeds at every six hours, where the vertical orange line indicates the transition of a storm into a category five hurricane. This figure demonstrates that as a hurricane intensifies to category 5, OHC is above 10.70(109 Jm-2. In comparison with SST, OHC plotted against the maximum wind speed shows a clear pattern that is increasing along with maximum wind speed. This indicates that a TC reaches category 5 only in areas of high OHC. Based on these results, a conclusion can be drawn that high OHC is a necessary condition, although not a sufficient condition, for the development of a tropical cyclone into category 5 hurricane. 

3.2 Projected changes in OHC threshold under RCP 4.5 and RCP 8.5 scenarios

Ensemble mean of OHC during the ASO season under the RCP 4.5 and 8.5 scenarios highlight the changes that may occur in the Atlantic region given that GHG emissions continue to rise at the rate they have been thus far. As seen in Figure 6, under the RCP 8.5 scenario, mean OHC values for the CMIP5 model ensemble during ASO season increase in comparison with historical records. The area of the region with OHC larger than the 10.70(109 Jm-2 threshold during the mid-21st century increases by 43.4%. For the late-21st century the specified region is projected to increase by more than 100%. These results are indicative of a continuous growth of the area containing sufficient amounts of OHC to support category 5 hurricanes. 


The ensemble ASO seasonal mean for OHC of the 16 CMIP5 models under the RCP 4.5 scenario reveals a pattern where the area with sufficient OHC to support the intensification of storms into category five hurricanes is also undergoing an expansion over the years. It is also important to note the expansion of the area that comprises the AWP, characterized by sea surface temperatures above 28.5C. Previous studies have shown that the AWP has been expanding, and the figure below just demonstrates how under the RCP 4.5 projection this pattern is likely to continue to develop. In general, not only is the area capable of sustaining category five hurricanes is increasing, but the AWP is becoming stronger. 


Availability of OHC is expected to increase as the region with sufficient amounts of OHC for the development of TC expands both east and northward. As can be seen from Figure 6, the area under RCP 4.5 scenario expands eastward, along the main development region, reaching longitudes as far as 30W. The enlargement of the area containing such high value of OHC can be a crucial factor in the development and intensification of TCs in the future. As the area that is expanding is the minimum OHC required for the intensification of TCs to a category 5 hurricane, this may imply and also support the theory that, under favorable atmospheric conditions, the number of major hurricanes in the Atlantic may also likely increase. 

A northward expansion, mainly along the eastern coast of the U.S., can also be noted for the RCP 8.5 projection of OHC. An increase in OHC near the coast could potentially increase the likelihood of hurricane landfalls in the US, since regions near the coasts would be capable of supplying enough heat. Although the RCP 8.5 projection can be cataloged as the worst-case scenario out of the two scenarios analyzed, RCP 4.5 projections do not differ significantly in qualitative terms. Though to a lesser degree, under the RCP 4.5 scenario, the area of focus is also undergoing an eastward expansion along the main development region, and a northward expansion from the Tropical North Atlantic region. Under the RCP 4.5 projection the area is expected to undergo an increase of 35.2% during the mid-21st century and 61.0% during the last twenty years of the 21st century. 


Figures 4 and 5 display the yearly change in OHC for both scenarios. Figure 4 highlights the change under the RCP 4.5 scenario, which is seen to increase until slowly stabilizing, in accordance to the net incoming radiation as stipulated under the scenario. While figure 5 on the other hand, features the OHC trend under the RCP 8.5 scenario. The trend followed by OHC is again what would be expected under the RCP 8.5 projection; a continuous increase in temperature and hence OHC due to the net radiative energy gain. 

3.2.1 Seasonal Changes


It is of interest to explore the possible changes in the seasons with the capability of sustaining major hurricanes, given the necessary atmospheric conditions. From Figure 7 we can see, based on observations, that the AWP develops during the months of May and June. What is of interest in this figure is that the projected expansion, under the RCP 4.5 scenario, of the area capable of supporting the intensification of hurricanes continues to increase. The extent of this increase is to the point where by the end of the mid-21st century the average area of the AWP in April will be as large as that in August for the late 20th century. Although this result has to be treated carefully, taking into consideration that we are only observing ocean data, it may suggest the possibility of a shift or expansion of the hurricane season. Under the RCP 8.5 scenario the pattern is similar as the RCP 4.5 scenario but a more abrupt and larger increase is projected for the mid- and late-21st century. 

3.2.2 Regional Changes


To explore the regional changes in OHC, the AWP area is divided into 7 sub-regions, as shown in Figure 9. The mean OHC within each region is taken from historical data, as well as from future projections under the RCP 4.5 and RCP 8.5 scenarios. Table 2 summarizes the resulting mean values obtained by grid box from 1900 through 2100.


Results validate the increasing trend projected towards the end of the 21st century. It is important to highlight that the region with the maximum OHC value for the entire period studied from 1900 through 2100 is the Caribbean region (CBN box) as interpreted from Figure 10. A mean value of 11.41 (109 Jm-2  is obtained from historical data, whereas maximum OHC values of 11.93 (109 Jm-2 and 12.2(109 Jm-2 are obtained under the projection for the mid- and late-21st century, respectively. The next highest OHC can be found in the TNA2 grid box as shown in Figure 12. The WAT2 and WAT3 grid boxes contain the subsequent highest OHC values as seen in Figure 11. It is important to bring attention to this result since it validates the pre-established argument of a northward and eastward expansion of the AWP. 


Minimum OHC values resulted for the WAT1 grid box as could be expected due to the geographical position. Although this grid box seems to contain the lowest heat content out of the 7 sub-regions, it is important to observe from Figure 11 that OHC value capable of supporting the intensification of category five hurricanes is projected to be reached in WAT1 after 2060, under the RCP 8.5 projection. This means that there is a possibility of category 5 hurricanes occurring farther North along the east coast of the U.S. 

4. Discussion and Concluding Remarks


It is shown in this study that the upper ocean heat content may be a better intensity predictor than sea surface temperature alone, as the effects of ocean cooling are being indirectly accounted for. Our analysis of the CMIP5 dataset shows that the AWP is in undergoing an expansion, which can have serious implications on the Atlantic tropical cyclone activity. 


It is important to understand limitations of this study. This study does not take into consideration key atmospheric variables, such as the vertical wind shear, convective available potential energy and humidity. We will explore the combined effects of the atmospheric environments and OHC in the future work. 


