e. TC Heat Potential (TCHP) – G. J. Goni, J. A. Knaff, and I-I Lin 

TCHP is discussed here for the seven TC basins previously documented as a way to summarize that activity from a slightly different perspective. The TCHP, defined here as the ocean heat content contained between the sea surface and the depth of the 26°C isotherm, has been shown to be more closely linked than SST to intensity changes (Shay et al., 2000; Goni and Trinanes, 2003; Lin et al., 2008, 2009), provided that atmospheric conditions are also favorable.  
This parameter has been shown to be more closely linked to intensity changes of TCs than SST alone (Shay et al., 2000; Goni and Trinanes 2003; Lin et al. 2008, 2009), provided that atmospheric conditions are also favorable.  Fields of TCHP show high spatial and temporal variability associated with oceanic mesoscale features that can be globally detected with satellite altimetry TCHP (Lin et al, 2008; Goni et al, 2009).  It has been shown that areas with high values of TCHP can be an important factor for TC intensification (e.g., Mainelli et al. 2008, Shay et al. 2000).  To examine the interannual variability of TCHP with respect to tropical cyclones, TCHP anomalies are computed during the months of TC activity in each hemisphere: June through November in the Northern Hemisphere and November through April in the Southern Hemisphere.  Anomalies are defined as departures from the mean TCHP calculated during the same months for the period 1993 to 2010.  These anomalies show large variability within and among the tropical cyclone basins (Fig. 4.27).  

The west Pacific basin generally exhibits the anomalies related to ENSO events, with 2010 being characterized by the onset of a moderate La Nina condition, which have been in place in the equatorial Pacific Ocean since approximately May 2010.  Similar to the conditions during 2008 and 2009, the South Pacific basin showed mostly positive anomalies. The North Indian basin exhibited positive values in the Bay of Bengal and in the Arabian Sea.  The Gulf of Mexico (Fig. 4.27 insert, lower right) showed mostly negative values except for a region of positive values in the northern region.  Similarly to 2009, the tropical Atlantic exhibited mostly positive values, which is also observed in sea height and SST fields
.  The most evident changes in TCHP between 2010 and 2009 are the decrease of values in the Gulf of Mexico, the southwestern Pacific Ocean; and the increase in values in the western Pacific Ocean, Arabian Sea, and Bay of Bengal (Fig. 4.28).
During 2010 four major TCs were positively identified to have gained strength when traveling into regions of high values of TCHP, three cyclones exhibited a weak link, and three did not show any link between ocean heat content and intensification. Some examples of these intensification events are shown in Fig. 4.29.   The results presented here correspond to four intense (category 4 and 5) TCs, where the location of their intensification coincided with an increase of the values of TCHP along their tracks. These TCs were Igor (tropical Atlantic), Celia (eastern Pacific) and Chaba and Megi (western Pacific). The cooling associated with the wake of intense TCs, which reached values of up to 50 kJcm-2 in TCHP and above 3°C in SST, is important since it influences the upper ocean thermal structure on regional scales within weeks to months after the passage of the storms (Emanuel 2001; Hart et al., 2007). 

The 2010 Atlantic hurricane season was above average in activity, with twelve named Hs and five MHs. However, most of the major hurricane activity (Dannielle, Earl, Igor, and Julia) was restricted to the open ocean and the few TCs that reached the coast did so in Mexico, the Caribbean and Central America.  This season was tied for second most hurricanes on record and the most active season since 2005, and surpassed the activity in the northwest Pacific TY season. We present here results for the intensification of Hurricane Igor.   Igor was a very large and long-lived category 4 hurricane (see sidebar article). Preliminary best track estimates show Igor intensifying from 65 to 130 kt in 24 h while the TC slowed down and the environmental vertical wind shear conditions improved. Values of TCHP under the track of this cyclone during this time also increased to values greater than 70 kJ/cm2, well above the 50 kJ/cm2 usually found in cases of Atlantic rapid intensification (Mainelli et al, 2008).  The post-storm surface cooling associated with the wake of this hurricane reached very high values, of approximately 5°C and of 50 kJcm-2.
The 2010 EP hurricane season was the least active Pacific hurricane season on record with a very low number of named storms due to a moderate La Nina, opposite to the very active 2009 season.    Both major hurricanes (Celia and Darby) occurred in late June and showed peak intensity nearly coincident with positive TCHP anomalies.  The rest of the east Pacific season produced only one more hurricane (Frank) in late August. Hurricane Celia was a category 5 hurricane and 2010 was the first year with back to back seasons with category 5 hurricanes (Hurricane Rick in 2009 was also category 5).  Celia formed on June 18, southeast of Acapulco, Mexico.  On 24 June, with appropriately favorable atmospheric conditions given by the weakening of the shear, this cyclone rapidly intensified and gained its peak strength with winds of 140knots (260 km/h).  This intensification occurred when Celia traveled over a warm eddy containing waters with increased TCHP values which are close to 65 kJ/cm2.   The cooling under the track of this cyclone was weaker than Igor in the Atlantic Ocean, with observed values near 3°C and of 30 kJcm-2.  This weaker oceanic response may be a response to the generally stronger vertical stratification found in the eastern Pacific that makes the ocean more difficult to mix.

Despite the higher anomaly values of TCHP in the northwestern Pacific, 2010 is a record-low year of TC occurrence in the WNP Basin. During the July to November typhoon season, there were only 8 named storms of category 1 or above.  This is the lowest number observed between 1970 and 2010 in the JTWC records.  The TC activities in the WNP concentrated in September and October.  Despite the small number of the observed storms, the TCHP condition in September and October 2010 were extra-ordinarily favorable in the Western North Pacific, especially to the west of 150°E and to the south of 20°E.  

In October 2010, very high values of TCHP, ranging 120-170 kJ/cm2 were reached in the western North Pacific basin. These values were well above the TCHP commonly observed for Category-5 typhoons in this region (Lin et al. 2008; 2009).  As compared to the conditions in 2009, 2010 TCHP values were significantly greater by approximately 50 kJ/cm2 (Fig. 4.28).  These unusually high TCHP values provided very favorable ocean condition for the intensification of STY Megi, the most intense tropical cyclone of all basins in 2010.  Super Typhoon Megi formed to the west of Guam on October 12, 2010. On October 17, Megi strengthen to a category 5 super-typhoon.  According to the preliminary JTWC report, Megi’s intensity reached 160 kt,  and an aircraft estimated 885 hPa central pressure, i.e. among the highest intensity observed for Category-5 TCs. Megi developed in this very favorable warm pool (Fig. 4.29) of extremely high TCHP values (typically ~ 100-130 kJ/cm2) throughout its genesis and intensification period. Between 14-17 October, Megi intensified from a tropical storm to a category 5 TC with sustained winds of 160kts at 125°E; 18°N.  Megi subsequently made landfall at the Philippines. TY Chaba intensified from a category 2 to a category 4 TY in one day, and its intensification need to be further studied as it may not be completely linked to high TCHP values.
Cyclone Phet was the most intense cyclone in the Arabian Sea in 2010 (Fig 4.28). The disturbance that eventually became Phet was identified early on 30 May and upgraded to a tropical storm on 31 May after a short genesis period.  Early on 1 June the moderate vertical wind shear relaxed and Phet intensified to a category-1 cyclone at 18Z 1 June with an intensity estimated at 65 kt by JTWC.  In the next 18 h, it rapidly intensified from 65 to 125kts to its peak at category-4, an astonishing intensification rate well above the criteria for rapid intensification (30 kts in 24 h, Kaplan and DeMaria 2003).  The period of rapid intensification took place as Phet entered into a region of high TCHP of ~ 75 kJ/cm2.  After its departure from this high patch of TCHP, Phet weakened to approximately 105 kt before making landfall in Oman, where it caused substantial damage (~$780 million) and accounted for 44 deaths.  The storm latter recurved over the northern Arabian Sea making a second landfall near the India and Pakistan border.
New caption for figure 4.28
(left) Tropical cyclone heat potential, and surface cooling given by the difference between post and pre storm values of (center) tropical cyclone heat potential and (right) sea surface temperature, for (from top to bottom) Hurricane Igor, Hurricane Celia, Typhoon Megi, and Cyclone  Phet.
New reference:

Kaplan, J., and M. DeMaria, 2003: Large-scale characteristics of rapidly intensifying tropical cyclones in the North Atlantic basin. Wea. Forecasting, 18, 1093–1108.
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