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ABSTRACT 
 

 Vigorous convective towers in tropical cyclone (TC) eyewalls likely play a 

significant role in TC intensification. The current satellite remote sensing tools used by 

TC analysts and forecasters have some shortcomings in their ability to identify and 

monitor such convective towers, though there exists an easily derivable product that, in 

theory, may alleviate these issues: the difference between brightness temperatures of the 

infrared (IR) minus water vapor (WV) channels from the GOES satellite imagers. 

 The ability of this difference (hereafter called IRWV) to identify vigorous eyewall 

convection was tested on four TCs using subjective interpretation and pixel counting 

schemes, with both compared to overshooting tops identified in visible and IR. The 

subjective interpretation scheme produced dramatically varied results, including one TC 

that had negative Gilbert and Heidke skill scores. IRWV images that correctly identified 

overshooting tops in the subjective interpretation scheme were frequently marred by 

IRWV signals that would impair interpretation without any corroborating visible 

imagery, thus defeating the purpose of IRWV. The pixel counting scheme results showed 

that counts of IRWV ≤ -3 K pixels near the TC core were unable to distinguish images 

containing overshooting tops from those with none. An examination of soundings near 

the TCs showed that a steeper lower-stratospheric inversion increases the number of 

IRWV < 0 pixels per image, resulting in geographical inconsistency in the performance 

of the IRWV product. The IRWV product is extremely inconsistent in its ability to 

correctly identify overshooting tops in TC eyewalls, and should not be depended on in 

this function. 
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CHAPTER 1. INTRODUCTION 
 
 Intensification, including rapid intensification (RI), of tropical cyclones (TCs) has 

proven to be a forecasting challenge as the physical mechanisms controlling intensity 

change are not yet well understood. Despite the unsettled science, much evidence exists 

that convective towers in the TC eyewall are major factors in at least some of the routes 

to TC intensification (e.g., Willoughby 1998; Kelley et al. 2005; Reasor et al. 2009; 

Guimond et al. 2010; Zhang and Chen 2012). The goal of this study is to examine the 

potential utility of a readily available geostationary satellite-borne sensor product, the 

difference between infrared and water vapor channel brightness temperatures, in 

identifying vigorous convection in the eyewall. 

 

a. Eyewall convective towers and TC intensification 

 

 While the exact dynamics of TC intensification are far from firmly established, 

some believe that subsidence in the eye is the main mechanism for maintaining and 

intensifying the TC’s warm core (e.g., Willoughby 1998), or is at least a symptom of the 

processes that contribute to the warm core (e.g., Holland 1997). Of particular interest in 

many recent studies is the possible role of convective “hot towers” forcing this 

subsidence (e.g., Reasor et al. 2009; Guimond et al. 2010), including the possibility of 

forced subsidence of air from the lower stratosphere into the troposphere (e.g., 

Heymsfield et al. 2001; Zhang and Chen 2012). This is in contrast to the wind-induced 

surface heat exchange (WISHE) theory of TC development proposed by Emanuel (1986) 

and Rotunno and Emanuel (1987), which depends entirely on the accumulation of high 
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equivalent potential temperature (θe) air in a column within the TC core via fluxes of 

latent energy from the sea surface.  Early simulations based on this theory produced a TC 

lacking an eye. 

 The close monitoring of TC eyewall convection, both spatially and temporally, 

may greatly contribute to intensity change forecasts. Idealized modeling studies (e.g., 

Shapiro and Willoughby 1982; Pendergrass and Willoughby 2009) have suggested that 

the radial location of convective heat sources relative to the radius of maximum wind 

(RMW) of a TC controls the contribution of that heating to TC intensification. Latent 

heat release occurring at or within the RMW leads to a much greater intensification rate 

than heating beyond the RMW. The frequency with which convective towers are present 

in the eyewall is indicative of near-term intensity changes. Using single snapshots of TC 

core convective towers from the Tropical Rainfall Measuring Mission (TRMM) 

Precipitation Radar (PR), Jiang (2012) found that including the presence of a convective 

tower among other satellite-measured convective parameters slightly improved the ability 

to distinguish between intensifying and weakening cases. Tall convective towers, 

however, were found to be neither necessary nor sufficient for RI under this 

methodology. Also using TRMM PR measurements, Kelley et al. (2004) found that the 

presence of tall towers versus shorter convective elements was more indicative of 

ongoing intensification. Using WSR-88D radar volume scans rather than TRMM PR 

overpasses, Kelley et al. (2005) found that frequent observations of tall convective towers 

were strongly indicative of intensification. This suggests that snapshots of TC eyewall 

convective activity can provide some useful information; observations with higher 

temporal resolution would be strongly advantageous in intensity forecasting. 
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 Modeling studies of the record-breaking RI of Hurricane Wilma (2005) (Zhang 

and Chen 2012; Chen and Zhang 2013) show evidence of high potential temperature (θ) 

air from the lower stratosphere being forced downward under the influence of 

stratosphere-penetrating convection in Wilma’s eyewall, resulting in an extreme upper-

tropospheric warm core and, hence, an unprecedented sea-level pressure drop. Figure 1 

shows a cross section of the upper-levels of an eyewall convective tower from their 

model run. Note the subsidence and downward deflection of the θ contours on the eye 

side (left hand side) of Fig. 1. Their simulation revealed that the rapid increase of the 

upper-tropospheric temperature anomaly within the TC eye was also tied to a strongly 

divergent outflow layer with near-zero storm-relative flow in the eye, thus minimizing 

any potential ventilation of the warm core. 

 Studies based on airborne Doppler radar data provide a more detailed look at such 

eyewall deep convective episodes. Heymsfield et al. (2001) examined penetrations of two 

different “convective bursts” (CVBs) in Hurricane Bonnie (1998). A CVB is defined 

differently across studies, but refers to a mesoscale region of enhanced moist convection, 

consisting of one or more updraft cores, that typically propagate downstream in the TC 

primary circulation before dissipating. Radar reflectivity and vertical velocity from one of 

the passes above the eyewall of Bonnie are shown in Figure 2. The appearance of a low-

reflectivity notch at the very top of the descending motion region in the eye adjacent to a 

strong CVB suggests that dry stratospheric air may be included in this forced subsidence 

response. The presence of multiple apparent subsidence inversions from dropsondes 

released in the eye (not shown) also suggests that the cumulative effect of multiple CVBs 

over a period much longer than typical convective time scales could be responsible for 
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the intensification of Bonnie (Heymsfield et al. 2001). Similar studies by Cecil et al. 

(2010) and Guimond et al. (2010) highlighted the existence of updrafts around 20 m s-1 at 

an altitude of 12-14 km in the convective towers of Hurricane Emily (2005) and 

Hurricane Dennis (2005), respectively. Subsidence on the flanks of the towers in Dennis 

was transported toward the storm core by deep-layer inflow below ~10 km altitude 

(Guimond et al. 2010).  

 Although VWS through a deep tropospheric layer is accepted as being detrimental 

to TC intensification or even maintenance due to ventilation of the warm core, 

observational studies (e.g., Black et al. 2002; Reasor et al. 2009) provide strong evidence 

that low-to-moderate VWS (<8 m s-1 over a 850-200 hPa layer) may help trigger 

convective cells and CVBs. Black et al. (2002) outlined the typical lifecycle of CVBs 

generated in this manner. In the downshear-left quadrant, burgeoning updrafts quickly 

stretch from near the sea surface to near the tropopause. As they propagate cyclonically 

and upshear, precipitation-driven downdrafts begin to dominate the low- and mid-levels 

and the dissipating updrafts are advected radially by the upper-level outflow. The right-

of-shear portion of the eyewall largely consists of convective remnants that may appear 

as an “exhaust anvil.” Typical convective towers may last ~10-20 minutes (Heymsfield et 

al. 2001; Black et al. 2002), while CVBs tend to last on the order of 1-2 h (Black et al. 

2002; Reasor et al 2009).  Understanding of such a mechanism for the regular generation 

of deep eyewall convection may prove significant for the diagnosis or prognosis of RI. 

 Reasor et al. (2009) also found fluctuations in both the intensity of the TC, as 

inferred from maximum Doppler-measured winds at 1-km altitude, and the pattern of 

eyewall reflectivity. Guillermo’s intensity periodically decreased temporarily when 
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CVBs rotated through the upshear portion of the eyewall where downdrafts became 

prominent. The periodic intensity increases, however, were of much larger magnitude and 

resulted in the overall RI of Guillermo during the study period. Periods of intensity 

decrease were characterized by an “open eyewall” appearance, in which reflectivity in the 

upshear-right quadrant becomes much weaker. Intensification occurred when the eyewall 

appeared much more axisymmetric on radar.  Such intensity fluctuations, along with the 

short-lived nature of CVBs, have lead some authors to consider intensification rates over 

shorter time scales than 24 h (e.g., Kelley et al. 2004; Reasor et al. 2009). 

 

b. TC intensity forecasting using satellite imagery 

 

 Early efforts and much analysis through the current day of TC intensity 

forecasting relies heavily upon the use of visible (VIS, ~0.6 µm) and infrared window 

(IR, ~11.7 µm) imagery from geostationary satellites. In the first decade following the 

launch of the Geostationary Operational Environmental Satellite (GOES) series orbiters 

in 1975, a significant push was made by researchers to capitalize on this valuable data 

resource. 

 Azimuthal-mean cold cloud top temperatures (CTTs) over a broad, meso-α region 

(100’s of km) were taken to indicate an intensifying TC by Gentry et al. (1980). In their 

analysis, intensifying storms showed colder tops, on average, than storms with little 

intensity change, weakening intensity, or those at tropical storm intensity over a vast 

majority of the TCs’ horizontal extent (within a radius of 1-9° latitude, or 111-999 km). 

A troubling aspect of this analysis, however, is the exclusion of the inner 111 km of the 
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storms, and therefore the eyewall. A similar analysis was performed by Steranka et al. 

(1986), in which areal mean CTTs over the inner 2° latitude (222 km) radius of TCs were 

studied individually, rather than averaging together many storms of varying size, 

strength, and intensity. What was immediately apparent was that no 1-to-1 relationship 

between CTT cooling and intensity change was found. The simple guiding theory to these 

investigations is that cold CTTs indicate underlying convection, and thus latent heat 

release (LHR), leading to intensification of the TC via enhancement of the transverse 

circulation.  

 IR sensors cannot distinguish between convective cloud tops and thick upper-

tropospheric cirrus that also occupy the outflow layer of TCs. Rodgers et al. (1998) used 

a multiple-frequency algorithm from the Defense Military Satellite Program (DMSP) 

Special Sensor Microwave/Imager (SSM/I) to detect vertical profiles of LHR in the inner 

core of Hurricane Opal (1995). This study showed that episodes of colder cloud tops do 

not necessarily indicate enhanced LHR, leading to a separation of TC core LHR into two 

types. “Stratiform” LHR occurs largely in the mid-levels of the troposphere and is partly 

offset by evaporation in the lower levels, while “convective” type LHR produces heating 

over a deep layer that reaches into the upper troposphere. They hypothesized that this 

upper-level heating is primarily responsible for the onset of Opal’s RI. 

 Findings like those by Rodgers et al. (1998) were made possible by the 

constellation of low Earth orbit satellites equipped with radiometers sensitive to 

frequencies in the microwave part of the electromagnetic spectrum. Radiation at such 

frequencies allows for examination of the distribution of precipitation-sized ice or water 

hydrometeors, water vapor, temperature profiles, and other properties of TCs, all beneath 
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the obscuring cloud canopy that is impenetrable to IR sensors. For example, the first 

appearance of a clear eye-like feature is an important sign for transition from the tropical 

storm classification to hurricane/typhoon intensity, and such a feature often appears hours 

earlier in passive microwave imagery than it does in VIS or IR (Hawkins et al. 2001). 

Using the 85-GHz channel from SSM/I, which is sensitive to scattering by precipitation-

sized ice particles that characterize convective clouds, Cecil and Zipser (1999) found that 

increased ice scattering in the inner core region (r ≤ 1° latitude) was strongly correlated 

to greater intensity 12-24 h later. Formation of an axisymmetric precipitation ring, as 

identified in the liquid-water detecting 37-GHz channel, was found to be a significant 

indicator for upcoming RI, especially given a conducive environment (Kieper and Jiang 

2012). Jiang (2012) found that several products from the various sensors aboard the 

Tropical Rainfall Measuring Mission (TRMM) satellite (minimum IR brightness 

temperature, maximum 20-dBZ height, and minimum 85-GHz polarization corrected 

brightness temperature) proved capable of distinguishing RI from non-RI cases.  

 The advantage gained by collecting data from below cloud-top, however, must be 

weighed against the infrequent sampling accomplished by instruments in low earth orbit. 

The low radiance at these microwave frequencies prevents the placement of these sensors 

aboard geostationary orbiters. For example, a case from Cecil and Zipser (1999)’s study, 

Super Typhoon Ryan (1995), shows that the inner-core 85-GHz signal can lead 

intensification by ~12 h, demonstrating a powerful forecasting tool. Over the course of 

the ~10 days sampled, however, only 14 overpasses were made by the SSM/I instrument, 

for less than two hits per day. The 1400-km swath sampled by SSM/I is less than the 

distance between DMSP orbits in the tropics, so misses of the TC inner core are 
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inevitable. Overpasses are generally ~12 h apart, but may be doubled within an hour, 

contributing mostly redundant information on mesoscale evolution. Worst-case scenarios 

can result in data gaps of up to 60 h (Cecil and Zipser 1999). 

 Geostationary orbiters provide continuous coverage over nearly the entire Earth 

disk, but the instrumentation aboard limits the types of data collected, and cold CTTs 

from the IR channel are not a sufficient detector of underlying convection. Passive 

microwave sensors and active instruments (e.g., TRMM PR), especially the newer 

generation higher-resolution imagers, are much more capable of detecting the relevant 

deep convection, but cannot continuously monitor storms. This remote sensing 

conundrum has forced researchers to get creative and push the limits of the currently 

available instruments. The desire for continuous coverage of TCs across vast ocean 

basins has led to a renewed interest in the capabilities of the GOES imager, particularly 

with digital manipulation of imagery now an option for modestly powerful personal 

computers. Of late, two competing techniques have emerged for the detection of 

overshooting tops, which imply the presence of underlying vigorous convective updrafts. 

 The first technique relies on detection of steep CTT gradients as detected by the 

IR channel surrounding the coldest pixels for monitoring of penetrating updrafts (Bedka 

et al. 2010). This technique was found to perform very well for land-based or mid-

latitude marine convection. The technique was later applied to TC intensity forecasting 

using the GOES-East satellite (Monette et al. 2012). Though this showed some skill as an 

RI predictor, the IR-texture technique alone was less accurate than the rapid 

intensification index of Kaplan et al. (2010) based on large-scale predictors in the SHIPS 

database (DeMaria et al. 2005). 
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c. The IR-WV differencing technique 

 

 A second technique for overshooting top detection, and the subject of this study, 

is IR-WV differencing (hereafter IRWV), which consists of simply taking the difference 

in equivalent brightness temperatures (BT) from the IR channel and WV channel at each 

pixel.1 The physical mechanism at play is as follows (numerical references to Figure 3): 

 For cloud tops throughout most of the troposphere, the IR BT (1) will be warmer 

than the collocated WV BT (2) since the standard tropical atmosphere weighting function 

for the WV channel peaks in the cooler upper troposphere at ~350 hPa (Olander and 

Velden 2009). Thus, the IRWV difference for such scenarios is positive. For clear skies, 

this difference is much greater due to the IR BT coming from the land or sea surface. As 

cloud tops extend upward through the troposphere, the IR BT cools at a faster rate than 

the WV BT as water vapor present above the cloud top is emitting radiation absorbed 

from below, thus resulting in IRWV=0 at a point in the upper troposphere. Cloud tops 

above this point can produce a small negative IRWV signal (Martin et al. 2008).  The 

IRWV signal achieves a large negative value when the cloud top is at or near the 

tropopause because the IR CTT is at its coldest here, while some water vapor is detrained 

or pushed into the warmer stratosphere (Ackerman 1996; Fritz and Laszlo 1993; Schmetz 

et al. 1997). IRWV imagery frequently shows values of -1 to -2 K over cirrus canopies 

associated with convection of nearly homogeneous IR BT (3), while values up to -7 K 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 For this study, the convention IR-minus-WV will be used in discussing this technique. 
Please note that some authors on this topic reverse this convention, electing to calculate 
WV-minus-IR. 
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appear to be associated with overshooting tops (Setvak et al. 2007), as more water vapor 

is pushed and/or detrained higher into the stratosphere (4). 

 Various analytical and numerical radiative transfer models have tested the 

physical mechanism behind the IRWV product, all successfully (Ackerman 1996; Fritz 

and Laszlo 1993; Setvak et al. 2007). Kurino (1997) found that the IRWV < 0 signal was 

strongly correlated with heavy rain as corroborated by land-based radar. The 

overshooting top signal is far more frequently associated with very cold IR CTTs than 

warm cloud tops (Fritz and Laszlo 1993; Martin et al. 2008). (It is possible to get IRWV 

< 0 signals for clear skies above arctic landmasses where the extremely cold ground 

surface creates a superadiabatic lapse rate near the surface, though this is not an issue 

where TCs are concerned.) Martin et al. (2008) found it to be more effective for tropical 

and subtropical marine convection, in contrast with the IR-texture technique (Bedka et al. 

2010; Monette et al. 2012), which performed better for continental mid-latitude 

convection. Temperature profiles from both radiosondes (Birner 2006; Bell and Geller 

2008) and GPS radio occultation (Grise et al. 2010; Son et al. 2011) suggest that the 

tropical tropopause is much “sharper” than at mid-latitudes, with a much larger gradient 

in lapse rates from just below the tropopause to just above. This could explain why the 

IRWV technique appears to be more effective at low latitudes. 

 The use of the IRWV technique to detect overshooting tops is far from foolproof. 

Poor calibration of satellite instruments can result in false IRWV < 0 readings up to -2 K 

in magnitude (Ottenbacher and Schmetz 1994; Ackerman 1996; Schmetz et al. 1997). 

Unfortunately, the way in which the WV channel on the Japan Meteorological Agency’s 

Multifunctional Transport Satellite (MTSAT) is calibrated at cold temperatures is very 
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problematic for IRWV, rendering the technique practically unusable for western North 

Pacific typhoons (Olander and Velden 2009). Non-uniform fields of view resulting from 

steep brightness temperature gradients combined with the difference in the horizontal 

resolution between the IR and WV channels on most geostationary satellite instruments 

can also result in IRWV errors, which may be large along anvil edges (Ackerman 1996; 

Schmetz et al. 1997; Setvak et al. 2007). Older iterations of the GOES imager, for 

example, had 4 km x 8 km resolution in the WV channel and 4 km x 4 km resolution for 

the IR channel. Starting with GOES 12 in 2001, however, the spatial resolution of the 

WV channel was improved to match that of the IR channel, such that both channels now 

have 4 km x 4 km resolution (Setvak et al. 2007). An offset in the georegistration of the 

IR and WV images could also produce erroneous IRWV < 0 signals (Ottenbacher and 

Schmetz 1994). Martin et al. (2008) found that the IRWV < 0 signal tended to appear in 

“blobs” and spread over a larger horizontal extent than corresponding high echo-tops 

detected by the TRMM PR. They found that further constraining the IRWV criterion 

(e.g., IRWV < -2 K) narrowed the regions detected. 

 Some questions persist about the exact kinematics and thermodynamics that 

describe the situation when updrafts penetrate into the stratosphere. Advection by upper-

troposphere/lower-stratosphere flows could act to distort the appearance of the IRWV 

image. Setvak et al. (2007) note an example of a small displacement of IRWV<0 pixels 

and the cloud top presumed to have produced them, as inferred from the location of the 

coldest IR pixels. Isotope sampling studies (Rosenlof 2003; Webster and Heymsfield 

2003) and 3D cloud-resolving model simulations (Grosvenor et al. 2007) demonstrate 

that overshooting convection contributes significantly to lower-stratospheric water vapor, 
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but the processes of mixing and temperature adjustment of this water vapor in its new 

environment are unclear. It is posited that a well-established “plume” of lower-

stratospheric water vapor from prior convection that has adjusted to the temperature of 

the surrounding air would be more likely to produce a negative IRWV signal upon 

infringement by an overshooting top (Setvak et al. 2007). 

 Use of the IRWV technique in TC applications was first discussed by Velden and 

Olander (1998) and greatly expanded upon by Olander and Velden (2009). Olander and 

Velden (2009) present a horizontal cross section of IR and WV channel brightness 

temperature for Hurricane Wilma (2005). The outer radii of the TC show large positive 

IRWV (WV much colder than IR) beyond and in between the outer rainbands, where 

opaque clouds are absent. The optically thick rainband clouds themselves generally have 

small positive or near-zero IRWV values. In the core region, and the eyewall in 

particular, IRWV values less than zero begin to appear. They suggest several different 

applications to TCs, including improving satellite-based center fixes (both subjective and 

objective), and use as a “proxy” for passive microwave imagery for subjective 

interpretation of TC convective activity. In particular, they show that including counts of 

IRWV < 0 pixels within 136 km of the TC center improves correlations with TC intensity 

12-24 h in the future when included into a multi-parameter regression scheme with mean 

IR temperature and a cloud top symmetry parameter, as found in the advanced Dvorak 

technique (Olander and Velden 2007). Particular enthusiasm is expressed for the 

improved performance for central dense overcast (CDO) situations where the TC center 

is obscured by high clouds. 
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d. Goals 

 

 The goal of this study is to investigate the utility of the IRWV product as a TC 

intensity forecasting tool. Specifically, the ability for the IRWV technique to consistently 

identify and monitor overshooting tops of convective clouds in the TC eyewall will be 

examined as these overshooting tops act as a proxy for vigorous updrafts in the TC 

eyewall below. Eyewall convection is believed to contribute to TC intensification, 

including RI, through several potential mechanisms, such as forced subsidence in the eye 

(e.g., Willoughby 1998; Heymsfield et al. 2001; Zhang and Chen 2012), mixing of high-

θe air from the eyewall into the eye at high altitudes (e.g., Holland 1997), and increasing 

the local inertial stability (e.g., Guimond et al. 2010). Though overshooting convection 

may be present during steady intensity or weakening periods (e.g., Cecil et al. 2010), 

Kelley et al. (2004; 2005) demonstrated that the frequency of convection in the TC inner 

core is highly correlated with intensification and RI, much more so than the presence of 

convection in a single snapshot of convective activity (e.g., Jiang 2012). The hope is that 

the IRWV product will provide regular coverage of eyewall convective activity 24 h per 

day. The ability to identify and monitor these overshooting tops will be tested using both 

a subjective interpretation and pixel counting schemes, as compared to visual inspection 

of visible and infrared window channel imagery. The potential effect of the strength of 

the lower-stratosphere inversion on the IRWV product will also be investigated by 

examining soundings launched near the TCs studied. Four case studies will be presented. 

Short windows of both rapid intensification and known vigorous convective bursts of 

Hurricanes Guillermo (1997) and Dennis (2005) will be examined, as well as multi-day 
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periods of Hurricanes Emily (2005) and Earl (2010) that include periods of rapid 

intensification as well as other intensification and/or weakening rates. From the 

examination of these four cases, a discussion on the overall effectiveness of the IRWV 

technique for such a purpose will be presented along with recommendations. 
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CHAPTER 2. DATA AND METHODOLGY 

 

 The primary data used in this study were GOES satellite images retrieved from 

the National Oceanic and Atmospheric Administration (NOAA) National Geophysical 

Data Center’s (NGDC) Comprehensive Large Array-Data Stewardship System (CLASS) 

web page. Once a period of interest of the TC in question was established, as described 

for each TC below, all available GOES VIS (channel 1, ~0.6 µm), IR (channel 4, ~10.5 

µm), and WV (channel 3, ~6.7 µm) images from that period were ordered from the web 

page and retrieved via FTP in the AREA format.  

 Figure 4 shows the National Hurricane Center (NHC) best track intensities of the 

four TC case studies presented herein, with the periods of interest delineated. The tracks 

of the TCs during those periods can be seen in Figure 5. For Hurricane Guillermo (1997), 

89 sets of imagery were retrieved covering 6.5 h. The period of interest for Guillermo 

was motivated by three factors: 1) the ongoing RI of the TC, 2) the study by Reasor et al. 

(2009) on the evolution of the inner core structure of Guillermo using airborne Doppler 

radar data collected during this period, and 3) the availability of super rapid scan 

operations (SRSO) imagery with temporal resolution of ~1 min. from GOES. This entire 

period for Guillermo fell during local daylight hours. For Hurricane Dennis (2005), 100 

sets of imagery were retrieved covering 15 hours. Similarly to Guillermo, the period of 

interest for Dennis was also dictated by the RI of the TC and concurrent airborne Doppler 

radar data (Guimond et al. 2010). This window consisted entirely of rapid scan operations 

(RSO) imagery with average temporal resolution of ~7.5 min. The imagery for Dennis 

was later filtered down to 73 images for the statistical investigations so that only times 
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when VIS imagery was available were used. For Hurricane Emily (2005), 433 images 

were retrieved covering nearly 4 days. Emily’s period was chosen based on the presence 

of periods of both RSO and SRSO imagery during both intensifying and weakening of 

the TC. A research flight made passes above Emily during one of the days in the study 

period (Cecil et al. 2010). The Emily imagery was later filtered down twice, once to 

remove nighttime imagery, resulting in 276 sets of imagery, and again to remove the 

SRSO imagery due to a statistical bias, resulting in 195 image times. For Hurricane Earl 

(2010), 279 sets of imagery were initially retrieved and later filtered down to 184 daytime 

image times. The period of interest of Earl was chosen to encompass both Earl’s RI as 

well as the initial weakening due to an eyewall replacement cycle. Earl’s imagery also 

included periods of RSO imagery. In total, 822 sets of TC imagery were examined in this 

study. 

 The first step in the data preparation was to locate the approximate TC center in 

each image. While the NHC Best Track storm center locations were useful and accurate, 

they were only available once every 6 h. Applying linear or cubic spline interpolations to 

the Best Track locations did not produce satisfactory results, as a visual inspection of the 

generated imagery revealed offsets on the order of ~20-30 km in some cases. It appears 

that wobbles in the TC tracks in the 6-h periods between Best Track center fixes were 

significant enough to eliminate automation of the center location as an option. Instead, 

the TC center was estimated manually. For storms with well-defined eyes, this process 

was simple. Using IR imagery, and VIS when available, the center of the eye was 

determined. For images where the eye was not visible or not well defined, guidance from 

the Dvorak technique (Dvorak 1984) was sought. This was of particular use for Hurricane 
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Emily (2005) and Hurricane Earl (2010) as their periods of interest covered a broad range 

of intensities, resulting in varying presentations of cloud top patterns. For curved band 

scene types, the center was placed at the approximated center of curvature of the band, 

near the counter-clockwise end of the band. The presence of merging cloud lines and/or 

tight curvature was also an indicator of where the center should be expected. If a small 

central dense overcast (CDO) covered the area where the center was expected, the center 

fix was placed located at the focus of the circular CDO. For storms with larger CDOs, the 

center was biased toward any overshooting tops present. If a clear cloud-minimum or 

warm cloud top intrusion was present in a tightly wound curved band, the center could be 

approximated at the mid-point of a line drawn from the deepest part of the incursion to 

the counterclockwise end of the band. When locating the center was plagued by 

ambiguity, consistency with imagery before and after was sought. For example, the 

emergence overshooting tops in a CDO could be used to approximate the center location 

in a few preceding images. 

 Once the TC centers were located, Matlab scripts were developed to prepare the 

images for viewing and digital analysis. Trimming the images was necessary, as working 

with GOES scans of the full Earth disk, northern hemisphere, or even just the contiguous 

United States was computationally strenuous for a personal computer. For example, a 

northern hemisphere image in IR or WV in the AREA format is ~13 MB on a hard drive, 

while an initial rough trimming of the image (~10º latitude x ~15º longitude) and 

conversion to netCDF format reduced it to ~3 MB, and the final Matlab array images 

(~400 km on a side) were ~1 MB. Having images trimmed to a consistent size and 
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centered on the storm greatly streamlined the visual interpretation and comparison 

process.  

 The conversion from AREA to netCDF was necessary in order to perform digital 

analysis on the data in Matlab, but the conversion resulted in a change in how pixels were 

handled. In the AREA format, many pixels were used to store the data of an individual 

satellite datum, allowing for displayed AREA images to show the variation in footprint 

size and shape with the changing scan angle. In the tropics, the satellite pixels were 

roughly 2 km zonally and 4 km meridionally. The conversion to netCDF using the 

NOAA Weather and Climate Toolkit (WCT), however, converts the data to a square grid, 

with resolution depending on the zoom setting of the WCT. The zoom setting was set so 

that the square grid points were approximately 2 km x 2 km, so the final image used for 

analysis had more pixels. This should not affect the analysis, as all the images examined 

will have the same resolution, pixel counts will be proportional to those from the original 

format, and the qualitative appearance of the image should match that of the original.  

 An enhancement curve for the IR images was developed to highlight two 

thresholds of IR brightness temperature. They are 204 K and 193 K, which are the lower 

bounds of the white and “cold dark gray” ranges, respectively, in the Dvorak IR BD 

enhancement curve (Dvorak 1984). In the enhancement used in this study, IR 

temperatures between 204 and 193 K are shades of blue, and temperatures colder than 

193 K are warm colors, from red to yellow. The blue shades cover a majority of the 

upper-level cold cirrus canopy of the storms, while the red-orange-yellow shading tends 

to highlight areas presently or recently exhibiting active convection in the TC inner core. 

This enhancement scheme is not guaranteed to make this distinction, as variations in 
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tropopause height and temperature can modulate the temperatures of the upper-level 

clouds from TC to TC, but it does help highlight the pattern of cold cloud tops 

nonetheless. 

 The IRWV product images were derived by simply taking the difference of IR 

minus WV channel equivalent brightness temperatures of geographically corresponding 

pixels. The color enhancement for the IRWV images uses blue for clear-sky conditions 

(IRWV ~40-50 K), shades of blue/green for low, warm clouds, and black for IRWV near 

zero. It was decided to highlight IRWV pixels < -2 K rather than simply < 0 K to better 

distinguish between convective exhaust cirrus, which tends to produce IRWV values of -

1 to -2 while lower IRWV values are more frequently associated with active convection 

(Setvak 2007; Martin et al. 2008).  

 It was decided that the images should be filtered for daytime images only, when 

VIS imagery was available. VIS was the best tool available for determining the presence 

of overshooting tops, particularly when corroborated with IR imagery. An overshooting 

top was identified when a dome was seen in the VIS image protruding above the 

surrounding smooth upper-level cirrus, and was distinguished by the appearance of a 

shadow on the surrounding anvil cloud. This was somewhat difficult near local noon, as 

the diminished shadows made overshooting tops less clearly identifiable, though practice 

of pattern recognition by the analyst and viewing images in animation made the analysis 

workable. IR corroboration of a new overshooting top involved comparison between the 

current image and the one previous to identify cooling cloud tops where the dome 

appeared in VIS. In SRSO imagery, this cooling was not always apparent at the same 
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time as the dome was identified in VIS, but rather took several minutes to manifest 

convincingly.  

 The first analyses consisted of subjective interpretations of the images, one time 

step at a time. Two passes were made through the imagery, using two different 

approaches. In the first pass through, the VIS image was examined first at each time step. 

Notes were taken on the presence and location of overshooting tops, as well as the nature 

of the cloud tops: Is this the beginning of a new burst, or does a top represent a new 

convective updraft within a preexisting burst? Not all of this could be discerned in every 

image, but notes were made as thoroughly as possible. Next, the IR image was compared 

to see how well it corroborated the VIS image: Where are the coldest/cooling IR 

temperatures relative to the overshooting tops identified? Could the locations of 

overshooting tops be discerned in the IR image without having first seen the VIS image? 

What regions are colder/warmer than in the previous IR image? Hereafter, results of the 

combined inspection of the VIS and IR imagery will be referred to as VIS/IR. Finally, the 

corresponding IRWV image was examined, looking for IRWV pixels < -2 K at or near 

where the overshooting tops were observed in VIS/IR. Notes were also made on other 

IRWV features: Are there strong negative IRWV pixels present where there are no 

overshooting tops in VIS/IR? Are there scattered pixels of IRWV ~ -3 K across the cold 

cirrus canopy? How does this IRWV image compare to the one previous? 

 For the second pass through the imagery, a similar technique was applied, but the 

order of imagery examined was reversed: IRWV first, then IR/VIS. The goal in the 

analysis was to simulate using IRWV imagery alone to interpret the convective pattern of 
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the TC core, and then using the VIS/IR to see how well the IRWV performed in 

identifying overshooting convection. 

 Finally, the notes of these analyses were compared in order to identify features of 

interest for further examination and discussion, with IRWV successes and failures both 

being of interest. In order to quantify the IRWV product’s reliability, each time step was 

placed into 1 of the 5 following categories based on the presence or absence or eyewall 

overshooting tops in the VIS and IR imagery and whether this was correctly captured by 

the corresponding IRWV image. A “clear hit” (example in Figure 6) was recorded when 

an overshooting top was apparent in VIS/IR, and was correctly and clearly identified in 

the IRWV image, as marked by a cluster of pixels ≤ -3 K and surrounded by values of > -

3 K. An “obscured hit” categorization (Figure 7) was given when the VIS/IR did show an 

overshooting top, and the IRWV image had pixels ≤ -3 K in the correct area, but there 

were too many IRWV ≤ -3 K pixels in the surrounding areas such that there was no 

confidence that the overshooting top could have been identified in the IRWV image alone 

without VIS/IR corroboration. A “miss” (Figure 8) consisted of an identified VIS/IR 

overshooting top that did not have any IRWV ≤ -3 K pixels in the correct location. A 

“false alarm” categorization (Figure 9) was given when one or more clusters of IRWV ≤ -

3 K were present but not associated with any VIS/IR overshooting tops. A “correct 

negative” (Figure 10) was recorded no overshooting tops were apparent in VIS/IR and 

the IRWV image was largely clear of IRWV ≤ -3 K pixels, though sparse scattered 

IRWV ≤ -3 K pixels were allowed. This analysis will be referred to as the “subjective 

interpretation scheme.” 
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 From these categorizations, forecast verification statistics were calculated, 

treating the IRWV observations, or lack thereof, as the forecast variable, while the 

VIS/IR tops were considered the observed variables. Clear hits and obscured hits were 

combined into a single hits category for calculation, though considering them separately 

in interpreting the statistics yields some relevant information. The statistics calculated 

were the probability of detection (POD), false alarm ratio (FAR), Gilbert skill score 

(GSS), and Heidke skill score (HSS). See Appendix for the formulas used to calculate 

these statistics. The POD represents the fraction of VIS/IR overshooting tops were 

correctly identified by IRWV. The FAR is the fraction of incorrect “yes” identifications 

by the IRWV product. The Gilbert and Heidke skill scores represent the performance of 

the IRWV product in identifying the presence of overshooting tops relative to random 

chance. The GSS is primarily focused on the number of correct hits relative to the 

expected number of chance hits, while the HSS considers all correct identifications (hits 

and correct rejections) relative to expected correct random guesses. Both skill scores 

range from -1 to 1, with positive values indicating performance better than random 

chance and negative values worse. 

 The “obscured hit” category arose from direct comparisons between the IRWV 

and VIS/IR imagery. In order to simulate using IRWV imagery alone, a more rigorous 

“blind” analysis was performed using a more objective and quantifiable approach for the 

IRWV images, hereafter referred to as the “pixel counting scheme.” The presence of 

overshooting tops was still confirmed or denied by subjective interpretation of the VIS/IR 

imagery. For the IRWV, a threshold of the counts of IRWV ≤ -3 K pixels was chosen, 

and all images with more such pixels were considered a “yes forecast” and those with 
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fewer pixels than the threshold were “no forecasts.” A pixel-counting software script was 

written to perform this analysis. Forecast verification statistics were again calculated 

based on these parameters. A similar pixel-counting script was developed for the IR 

imagery, in order to calculate correlations between IRWV pixel and IR pixel counts for 

various thresholds. Pixels within 0.7º latitude, or ~77 km, of the storm center were 

included in this analysis, amounting to ~4300 pixels. 

 Another source of data for this study was sounding temperature profiles retrieved 

from the University of Wyoming online archive 

(http://weather.uwyo.edu/upperair/sounding.html). Soundings within 500 km of the storm 

center at the time of launch were analyzed, plus one exception: the 0000 UTC 16 July 

sounding for Curacao, which was ~570 km from Hurricane Emily. This exception was 

included to increase the number of data points, as several soundings that were launched 

within the distance criterion had bad or missing data and could not be included. No such 

soundings existed for Hurricane Guillermo during the study period. For the purposes of 

this study, the tropopause was defined as the coldest point in the sounding. The strength 

of the lower-stratospheric inversion was measured by calculating the temperature 

increase above the tropopause for three layer depths (0.5, 1.0, and 1.5 km). The rate at 

which the stratosphere warms with height just above the tropopause varies from the deep 

tropics to the subtropics, potentially affecting the magnitude of the IRWV signal. 

Comparisons in IRWV counts between storms at different latitudes may shed some light 

on the effectiveness of the IRWV technique in different latitudes. 
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CHAPTER 3. SUBJECTIVE INTERPRETATION 

 

a. Hurricane Guillermo (1997) 

  

 Hurricane Guillermo (1997) was an eastern North Pacific tropical cyclone that 

underwent a 30-h period of RI between 0600 UTC 2 August and 1200 UTC 3 August as 

it deepened from 979 to 925 hPa. The mean 6-h deepening rate of Guillermo was 10.8 

hPa, with no period less than 10 hPa. This rate is consistent with the definition of rapid 

deepening as a pressure drop of at least 42 hPa over 24 h (Holliday and Thompson 1979). 

The symmetric presentation of cold cloud tops in IR satellite imagery and the difference 

between the TC’s current intensity and the maximum potential intensity (MPI) prior to 

the RI were the main predictors that RI was likely, after the probabilistic scheme of 

Kaplan and DeMaria (2003). 

 Guillermo’s environment during this period was also marked by low-to-moderate 

VWS from the north-northwest through a deep tropospheric layer (Figure 11c), according 

to both the Statistical Hurricane Intensity Prediction Scheme (SHIPS) data file (DeMaria 

et al. 2005) and airborne Doppler measurements in the TC’s inner core (Reasor et al. 

2009, hereafter R09). R09 attributed Guillermo’s RI to a series of CVBs stimulated by 

this VWS, and noted that the CVBs were easily identified in GOES IR imagery. It should 

be noted that no overpasses by the DMSP SSM/I occurred over the five hours of the R09 

study, NOAA’s Polar Operational Environmental Satellite (POES) program was yet to be 

equipped with 85-GHz imagers, and the TRMM satellite was yet to be launched. In this 

section we will closely examine one of the CVBs using IR, IRWV, and visible (VIS) 
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imagery to see if the IRWV product offers any advantage over IR imagery in identifying 

and observing the evolution of the CVB. Results from R09 will also be used in an attempt 

to connect the satellite observations to structures beneath cloud top. 

 A cursory examination of the derived IRWV imagery reveals IRWV ≤ -4 K pixels 

tend to be associated with two types of areas. First, the strongest IRWV < 0 signal in Fig. 

11a is in the southeastern eyewall. The corresponding IR (Fig. 11b) and VIS (Fig. 11c) 

images indicate the presence of vigorous eyewall convection in that location, in the form 

of isolated cold cloud tops and dome-like structures, respectively. However, negative 

IRWV pixels also appear in areas that are clearly not associated with overshooting 

convection. Note in Fig. 11a the strong negative IRWV pixels along the northern 

boundary of the eye extending into the east-northeast eyewall. There is no suggestion at 

all from the corresponding IR or VIS images that there is active convection present in this 

area. The IR image (Fig. 11b) shows that these strong negative IRWV pixels fall upon 

strong IR gradients. IRWV < 0 artifacts like these were discussed by Setvak et al. (2007). 

They are largely due to the differential resolution of the IR and WV channels of earlier 

iterations of the GOES imager. If an 8-km WV pixel covers a non-uniform field of view 

consisting of high cold cloud tops and lower warmer cloud tops or clear sky, this will 

result in a much warmer WV pixel than would be measured above cold tops only. Of the 

corresponding 4-km IR pixels being differenced with this warm WV pixel, any that 

sample cold high clouds will produce a strong negative IRWV difference that is not due 

to warm stratospheric water vapor. In addition to these IR-gradient artifacts, weaker 

negative IRWV pixels are scattered across the cold canopies. Note that the color scale 

used in the IRWV image highlights pixels ≤ -3 K to eliminate the majority of these 
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weaker negative IRWV pixels. Setvak et al. (2007) noted a similar phenomenon in 

Moderate Resolution Imaging Spectroradiometer (MODIS) 1-km imagery, where IRWV 

around -2 K is frequently observed scattered across cold canopies, whereas convective 

tops are marked by IRWV -4 to -7 K. This also supports the argument from Martin et al. 

(2008) that lower thresholds of IRWV are more selective of active convection. These 

IRWV < 0 signals that are not associated with convective tops may make interpretation of 

the IRWV imagery difficult without IR or daytime VIS imagery for corroboration.   

 The evolution of one of R09’s CVB events will now be examined. One of the core 

passes in R09, centered on 2001 UTC 2 August, showed anomalous mesoscale ascent in 

both the low- and mid-levels in the downshear eyewall, suggesting the early stage of a 

CVB (Figure 12). This nascent CVB is labeled B in Fig. 12. At this point, the 2-6 km 

layer ascent is 5-5.5 m s-1, while the ascent in the 9-11 km layer is between 6 and 8 m s-1. 

There is a slight upwind tilt with height to the vertical velocity. Figure 13 shows the 

IRWV, IR, and VIS images at 2000 UTC. The only clear satellite evidence of convective 

activity in the downshear eyewall at this time is the appearance of domes in the VIS 

image just north of the 13ºN line. There is an IRWV pixel of -3 K in the correct location 

for one of the domes. As was shown in Fig. 11, however, single pixels of that value 

(depicted as orange in the figure) are commonly scattered across the image, so it would 

be difficult to deem this a hit. Evidence in the IR imagery is difficult to notice without the 

benefit of the corresponding VIS image. There is evidence of cooling cloud tops in the 

southern and southeastern eyewall relative to the previous images (not shown). The cloud 

top temperatures there, however, largely fall in the white part of the color scale and do 
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not stand out due to the presence of colder cloud tops elsewhere in the eyewall that fall in 

the blue part of the color scale. 

 Figure 14 contains time-azimuth sections of IR (Fig. 14a) and IRWV (14b) 

imagery showing the ensuing evolution of the CVB. The period covered includes Super 

Rapid Scan Operations (SRSO) sequences with a resolution of ~1 min. The first SRSO 

sequence, from 2018-2026 UTC shows evidence for these two updraft cores in the 

southeast or downshear-left quadrant of the storm, very close to the mid-level ascent 

observed by the airborne Doppler radar at 2001 UTC (Figure 12b). The IR image shows 

two isolated cold tops in this area, which are well matched by two small areas of IRWV ≤ 

-4 K. The delay between the burgeoning updraft at mid-levels and the evidence for that 

updraft reaching the very upper troposphere observed by GOES is not surprising. 

Assuming a steady rate of ascent, a parcel rising from 10 km at 7 m s-1 would take nearly 

12 min to reach a height of 15 km, a reasonable estimate for the height of the upper-level 

convective remnant cirrus. This 12 min figure is an upper bound on the delay expected, 

as it is unclear what altitude the updraft has reached at the time of the radar sampling. 

Also, the assumption of a non-accelerating parcel may be a crude one, as other studies 

(e.g., Cecil et al. 2010; Guimond et al. 2010) observed maximum updraft speeds of 15-20 

m s-1 above 10 km altitude. Regardless, a delay on the order of several minutes is within 

reason. Unfortunately, the first obvious cloud-top evidence of the CVB in IR or IRWV 

likely falls in the coverage gap between 2000 and 2018 UTC, so it is unknown which 

product captures its appearance first.  The ensuing evolution of these suspected 

overshooting tops is well matched between IR, IRWV, and VIS imagery during the 
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SRSO sequence from 2018-2026 UTC. Figure 11 shows the final frame in this sequence 

for IRWV, IR, and VIS. 

 The next available image time is 2030 UTC, and at this point, there is some 

divergence between the interpretation of the IR and IRWV images, as can be seen in 

Figure 15. The IR image (Fig. 15b) shows a developing cold anvil in the eastern eyewall, 

with the coldest tops inside the outer white circle, which denotes a radius of 0.7 degrees 

latitude, or ~77 km, from the approximate storm center. The corresponding IRWV image 

(Fig. 15a) shows that the strongest negative signals at this time are located on the outer 

periphery of the coldest tops, along the strong IR gradients located there. The 2030 UTC 

visible image (Fig. 15c) also suggests a broad, flat anvil in the same region, and the 

location of the updraft within the anvil appears to be closer to the inner northern edge of 

the anvil based on the bubbling activity in the series of preceding images, as opposed to 

the outer southern edge where the IRWV signal is strongest. The appearance of a new 

isolated feature in the northeast eyewall, ahead of the main CVB, is captured in both the 

IR and IRWV imagery. Similarly to the beginning of this CVB, the first evidence of this 

feature is seen in the visible band several minutes earlier. The feature shows up strongly 

in the IRWV image, but the linear organization of weaker negative IRWV pixels along 

IR gradients part of and adjacent to the feature suggest that the overshooting top IRWV 

signal for this feature may be amplified by the IR gradient effect. 

 The next SRSO sequence runs from 2041-2054 UTC, the beginning of which 

coincides with the next R09 pass centered on 2042 UTC. The CVB is now labeled C in 

Fig. 12a and 12c. The R09 analysis suggests the CVB is now entering its dissipating 

stage, as the lower-level updraft has weakened (Fig. 12a) while the mid-level ascent has 
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accelerated and is being wrapped around toward the upshear part of the eyewall (Fig. 

12c). Figure 16 shows the IRWV (left-hand side of each panel) and IR (right-hand side) 

imagery at four consecutive SRSO times during this sequence. The IR imagery shows a 

continued expansion of the anvil. High variability is apparent in the IRWV imagery, with 

much greater areal coverage and more negative signals at certain times, but reduced 

coverage and weaker signals in images just before and after. The following IRWV 

features are shown in Fig. 16a: a cluster of -3 and -4 K pixels in the east-northeast 

eyewall, associated with the CVB in question; scattered isolated ~ -3 K pixels in the large 

anvil to the northwest of the storm center; and two strong (≤ -4 K) IR-gradient artifacts, 

one on the outer periphery of the CVB anvil to the east of the storm center, and another to 

the south-southeast of the storm center on the outer edge of other high cold clouds. The 

IRWV image in Fig. 16b, from 1 minute later, looks like an amplified version of the 

previous IRWV image. The east-northeast eyewall CVB is now marked by stronger 

negative signals, including a pixel < -5 K. The scattered -3 K pixels over the anvil to the 

northwest are now much greater in number and coverage, and include a few -4 K pixels 

as well. The strong IR-gradient signals to the east and south-southeast appear more 

intense as well. One minute later, in Fig. 16c, the intensity of these features is beginning 

to diminish again, and by Fig. 16d, the appearance is very similar to the first image in 

Fig. 16a again. The fact that this variability affects all the IRWV ≤ -3 K features suggests 

that this “pulsing” of the IRWV signal is some sort of instrumentation or data issue rather 

than a meteorological phenomenon occurring simultaneously over such a broad expanse, 

especially considering the 1-min resolution of this SRSO imagery. As such, the relative 

magnitude of IRWV signals associated with overshooting convection with respect to that 
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of scattered weak pixels and IR-gradient artifacts needs to be considered when 

interpreting IRWV imagery. Even with a familiarity of the negative IRWV features and 

awareness of the “pulsing” phenomenon, however, interpretation of IRWV imagery is 

difficult without accompanying IR or VIS imagery with which to corroborate. 

 From this case study of the evolution of a CVB, the evidence suggests that the 

IRWV product may be best at highlighting new convective tops, as the strongest negative 

pixels appeared very early in the CVB’s evolution, as well as for the isolated updraft at 

2030 UTC. It seems as though the visible band may be able to identify new convection 

earliest, but carries the obvious weakness of being limited to daytime hours, and more 

specifically for favorable sun angles. The presence of negative IRWV pixels not 

associated with convective tops and the pulsing of the signal detract from the IRWV 

product’s utility for use on its own, as it requires another product with which to compare. 

It may also be true that the IRWV struggles to define overshooting tops within previously 

established anvils. 

 

b. Hurricane Dennis (2005) 

  

 The IR-gradient artifacts that were abundant in the Guillermo (1997) IRWV 

imagery were likely due to the differential resolution between the IR and WV channels in 

that iteration of the GOES imager. Starting with the launch of GOES-12 in 2001, both of 

those channels now have 4-km resolution. Since this new imager represents the ongoing 

reality for TC analysts and forecasters, an investigation of three cases from after 2001 

will be presented. 
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 Dennis went through a period of RI in the Gulf of Mexico as it re-intensified after 

having made landfall in Cuba. Over the 12 h between roughly 1700 UTC 9 July and 0500 

UTC 10 July, Dennis deepened by 27 hPa, including a pressure drop of 11 hPa over 1 h 

35 min, according to GPS dropsondes deployed in Dennis’s eye by a US Air Force 

reconnaissance crew. As part of NASA’s Tropical Cloud Systems and Processes (TCSP) 

experiment, Dennis’s eyewall convection was sampled using a downward-pointing 

Doppler radar mounted on an ER-2 from an altitude of 20 km. From these data, Guimond 

et al. (2010) hypothesized that Dennis’s RI was the result of a series of extremely tall and 

vigorous convective towers, similar to those in Guillermo (1997), which forced deep 

subsidence in the eye and enhanced the inertial stability of the inner core. Rapid Scan 

Operations (RSO) imagery from GOES with a temporal resolution of ~7.5 min is 

available before and during Dennis’s RI, which will be examined in this section, along 

with a comparison with the results from Guimond et al. (2010) and Monette et al. (2012). 

 The first sampling of the convective tower studied by Guimond et al. (2010) came 

near the end of an overpass between 1420-1432 UTC 9 July. The Doppler scans revealed 

30-35 dBZ reflectivities up to ~14 km high and an upper-level pocket of upward vertical 

velocities peaking at ~20 m s-1 at ~13 km altitude in the eastern eyewall. Two RSO 

images acquired during this period, at 1425 and 1432 UTC, are shown in Fig. 17. The 

tower is most clear in the VIS images as seen in Fig. 17a as marked by the black arrows, 

particularly at 1432 UTC. Fig. 17b shows the corresponding IR imagery, in which the 

cooling of a small area in the eastern eyewall can be seen by comparing the 1425 and 

1432 UTC images. While the correct area is clearly highlighted in the 1432 UTC IRWV 

image in Fig. 17c, it would be very difficult to interpret this correctly, and provides an 
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excellent example of an obscured hit (Fig. 7). The 1425 UTC IRWV image shows 

disorganized sparse activity, mostly to the north of the storm center, while the 1432 UTC 

image is an amplified version of the previous image, with increased coverage of -3 K 

pixels and some -4 and -5 K scattered about, making the signal that is likely from the 

convective tower in the eastern eyewall difficult to trust without the accompanying IR or 

VIS imagery. 

 Roughly 25 min later, another ER-2 pass was made over Dennis, catching the 

decay of the tower in the eastern eyewall. By this time, the upper-level reflectivity in the 

tower had decreased to ~20 dBZ, though the upper-level ascent speed was still about the 

same. The VIS images from 1440 ad 1445 UTC show the dome top collapsing, 

corroborated by the pattern of warming seen in the corresponding IR images. The IRWV 

images have -3 K pixels in the correct location, but there is no way to distinguish them 

from the other -3 K pixels scattered across the images. The results from the Guillermo 

case suggest that IRWV may be more effective at detecting new overshooting tops, so it 

is not a surprise that the signal is very weak and indistinguishable from noise here. This 

point in the sequence is discussed here, however, because the 1445 UTC GOES IR image 

was used as an example by Monette et al. (2012) of a failure of their tropical 

overshooting top detection algorithm. Their technique uses sharp IR gradients to detect 

overshooting tops.  The failure in this case was due to the top not being cold enough 

relative to the surrounding canopy. This is a single and imperfect case from which to 

draw conclusions – would the IR-gradient technique have worked better for the 1432 

UTC image? The fact that subjective interpretation of VIS or IR imagery is far more 

effective for identifying eyewall convection than either objective technique is worrying. 
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 Over the period 1515-1655 UTC, two additional CVBs bubble up in the 

downshear sector and undergo anvil expansion and cooling as they rotate cyclonically 

toward the upshear part of the eyewall, all of which can be readily seen in IR and VIS 

imagery. The IRWV product, however, utterly fails to give any indication that this is 

occurring. IRWV < 0 pixels do appear in the correct location in some images, but are 

indistinguishable from other IRWV < 0 activity of similar magnitude strewn about the 

image. 

 

c. Hurricane Emily (2005) 

  

 Hurricane Emily underwent three separate cycles of intensification and 

weakening, two of which will be examined in this section (Fig. 4c). Emily’s initial 

development was slow, but it deepened from 991 to 952 hPa in 18 h ending at 0600 UTC 

15 July. The deepening rate over that period resulted in an average rate of 13 hPa per 6 h. 

Around 1200 UTC 15 July, a reconnaissance aircraft reported concentric eyewalls as 

Emily began to weaken (Franklin and Brown, 2006), filling to 969 hPa. Emily’s second 

intensification resulted in a deepening to 929 hPa with category 5 wind speeds by 0000 

UTC 17 July about 185 km southwest of Jamaica. Emily slowly weakened back to 955 

hPa just before making landfall on the Yucatan Peninsula at 0630 UTC 18 July. 

 The initial impression of Hurricane Emily’s imagery after subjective 

interpretation was that it was more similar to that of Dennis than Guillermo. Very few of 

the overshooting tops identified in VIS and IR imagery were clearly identified in the 

IRWV imagery. First, however, a rare success of the IRWV technique is presented. 
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Though no VIS imagery was available at this time due to darkness, downward-pointing 

radar reflectivity from an ER-2 overpass revealed a convective tower in the western 

eyewall, with echo tops reaching 17 km (Cecil et al. 2010). Similar to the tower in Dennis 

(Guimond et al. 2012), upper-level ascent in the tower reached > 20 m s-1 while 

downdrafts of 10-15 m s-1 flanked the tower on the eye side. Figure 18 shows the IR and 

IRWV imagery at 0745 UTC 17 July, minutes before this nearly direct overpass. The IR 

image (Fig. 18a, left panel) shows a small isolated cold top in the western eyewall, which 

is captured well by a cluster IRWV < -2 and < -3 K pixels (Fig. 18b, left panel). There 

are other smaller clusters of IRWV < -2 and < -3 K elsewhere in the image, which 

presents some difficulty for interpretation, but this is one of the more “clean” IRWV hits 

in the ~4 days of imagery of Emily studied. One consideration to take into account is the 

timing of the satellite imagery. For the CVB tracked in Hurricane Guillermo (Fig. 14), for 

example, the IRWV signal was strongest early in the CVB’s lifecycle and faded in a 

matter of minutes while the IR temperatures cooled and expanded, as detailed in the 1-

min. SRSO imagery. For routine scanning operations, TCs south of ~13ºN are only 

sampled twice per hour, increasing to four times per hour for north of that latitude. The 

ER-2 overpass was nearly directly over this convective tower at 0755 UTC, which was 

still clearly depicted in IR (Cecil et al. (2010), their Fig. 4c). In the next available IRWV 

at 0801 UTC (Fig. 18b, right panel), only a cluster of IRWV < -2 K remains in the 

western eyewall. Based on the other small clusters of IRWV < -2 K in the image, 

interpretation of this image alone would likely not suggest an extremely strong updraft 

merely 6 minutes before (if not ongoing). 
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d. Hurricane Earl (2010) 

 

 Atlantic Hurricane Earl (2010) reached an intensity of 931 hPa at 0600 UTC 31 

August after a period of RI starting around 1200 UTC 30 August as Earl was passing just 

north of the Leeward Islands (Fig. 4d). Earl’s intensification was halted by an eyewall 

replacement cycle that caused Earl’s intensity to plateau for ~24 h before re-intensifying 

to 928 hPa around 0900 UTC 2 September (Montgomery et al. 2014). Earl’s first 

intensification from a disorganized tropical storm to a category 4 hurricane and the 

beginning of its eyewall replacement cycle over the course of 3 days will be examined in 

this section. 

 As has been the case with Dennis and Emily, the newer iteration of the GOES 

sensor seems to have cleaned up the IRWV considerably, resulting in almost zero strong 

IR-gradient IRWV signals. The value of the imagery for subjective interpretation, 

however, was perhaps even worse than for Dennis and Emily. Early in the storm’s life 

cycle, as it intensified from a 991-hPa tropical storm to about 965 hPa over about 40 h, 

some but not all overshooting tops were identifiable in the IRWV imagery. The IRWV 

signals were generally weak, however, with very few stronger (lower) than -3 K. Figs. 8 

and 10 are used as examples of a miss and a correct rejection, respectively, and they fall 

into those categories because of the distinct lack of IRWV ≤ -3 K pixels. As the TC 

became well organized with a clear eye, the ability to identify overshooting tops in the 

IRWV imagery plummeted. Over the final 32 hours of the study period, during which 

Earl reached and maintained wind speeds of 59 m s-1, IRWV ≤ -3 K pixels became so 

rare that almost all IRWV images were either classified as misses or correct rejections.  
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 It is particularly disappointing that the IRWV imagery was so sparse during this 

latter part of the study period as Earl was beginning an eyewall replacement cycle. As of 

the last available VIS image ~2200 UTC 30 August, Earl still had a clearly defined eye 

and several overshooting tops were easily identified in both VIS and IR in the eastern 

eyewall leading up to sundown. By the time the first VIS image was available the 

following morning on August 31, it appeared the eyewall had contracted dramatically. 

The eye was no longer visible, though a warm spot in the cloud tops at the approximate 

circulation center was noted, with convective cloud tops extremely close to the center. 

Over the course of the day of August 31, this convection near the storm center slowly 

dissipated while a larger arc of convection spiraled inward to replace the original eyewall, 

all well depicted in the VIS imagery. During this entire process, there was virtually no 

indication on the IRWV that anything of note was happening in the storm’s inner core. 

Figure 19 depicts one of the few sequences during this process in which the IRWV 

product suggests the presence of convection in the contracting secondary eyewall. In Fig. 

19a, the first suggestion of a new overshooting top in VIS and IR appears to the 

northwest of the storm center, and it becomes better defined in Fig. 19b. In the IRWV 

product, sparse isolated IRWV ≤ -3 K pixels appear in the correct area in Fig. 19a, but are 

completely absent in Fig. 19b, despite the cooling cloud tops. In Fig. 19c, more IRWV ≤ 

-3 K pixels identify the correct area once again with a larger cluster than in Fig. 19a. In 

the following images (not shown), the IRWV product again reveals no activity in the 

area, similar to Fig. 19b. Without the corresponding VIS and/or IR imagery, it would be 

easy for an analyst to write off the IRWV images in Figs. 19a and 19c as depicting weak 

IRWV anvil activity that “pulses,” as was discussed for Guillermo. 
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CHAPTER 4. SUBJECTIVE INTERPRETATION SCHEME STATISTICAL 

ANALYSIS 

 

 As described in the Data and Methodology section, “forecast verification” 

statistics were calculated to reflect the success or failure of the IRWV technique in 

clearly identifying overshooting tops. In this section, the results of this analysis are 

presented. The results of each TC can be seen in Table 1. The statistics calculated are 

described in Section 2 while the formulas used for their calculation can be found in 

Appendix. 

 Of the 89 image times examined for Guillermo, examination of VIS and IR 

imagery determined that 82 showed one or more active CVBs exhibiting overshooting 

tops. In the corresponding IRWV images, 64 were categorized as “obscured hits,” by far 

the largest count in any category. This was also the most obscured hits, by percentage, of 

the four cases examined. The obscured hits arose from two problems. First, the image 

contained a greater than normal amount of IRWV ≤ -3 K activity over a broad extent of 

the image, such that any IRWV signal in the correct location could not be distinguished 

from other IRWV signals in the image without VIS/IR corroboration. The second issue 

causing obscured hits consisted of images where the overshooting top(s) was correctly 

identified, but strong IR-gradient signals of a similar magnitude to that of the 

overshooting top were present and were misleading in the interpretation of the IRWV 

image. Many of the obscured hit images were plagued by both problems. It is likely that 

by either awareness of the analyst and/or objective quality control algorithms the issue of 

the IR-gradient artifacts could be avoided, but the problem of broad noisiness across the 
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image may be more difficult to overcome. For the rest of the images with confirmed 

overshooting tops, 8 were labeled as clear hits, and 10 were labeled as misses. For the 7 

images with no VIS/IR overshooting tops, 6 were false alarms and only 1 was a correct 

rejection. Verification statistics were calculated using a combined categorization of “hits” 

made up of both clear and obscured hits. The probability of detection (POD) of 0.88 and 

false alarm rate (FAR) of just 0.08 are both highly favorable, but care must be used in 

interpreting these statistics. For the POD, the vast majority of the hits were obscured hits 

which would hypothetically be much more difficult to correctly classify without 

corroborating imagery. The FAR is artificially deflated by the fact that only 7 VIS images 

did not have overshooting tops, thus providing extremely few opportunities to have a 

false alarm. The fact that 6 of the 7 “no” observed events resulted in false alarms also 

suggests that the low FAR is misleading. The Gilbert and Heidke skill scores are small 

positive values of 0.01 and 0.02, respectively. These low skill scores appear to be due to 

the high chance hits and expected random correct forecasts values, as the number of 

“yes” observed events (i.e., overshooting tops were present) far exceeded the “no” 

observed events.  

 The outcome was very different for Hurricane Dennis (2005). From the 73 image 

times examined, less than half have overshooting tops as identified from VIS and IR 

imagery, the fewest among the four storms by both number and percentage. Of the 42 

images with no overshooting tops, 31 were classified as false alarms due to IRWV 

signals appearing in the image despite the lack of overshooting tops. When overshooting 

tops were present, they were mostly either completely missed (16) or fell into the 

obscured hit category (13). The IRWV technique was successful only 13 times, with 11 
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correct rejections and 2 hits. The two hits were by far the fewest of the four TCs 

examined. These poor results yield a POD of 0.48 and FAR of 0.67. Dennis’s FAR is the 

worst of all 4 TCs, and it is the only TC for which the FAR exceeds the POD. The Gilbert 

and Heidke skill scores both indicate a lack of skill at -0.11 and -0.24, respectively. 

Negative skill scores indicate that the forecast technique performs worse than random 

forecasts. 

 For Hurricane Emily, two different sets of statistics were calculated. After 

analyzing and categorizing the images, it was noted that the false alarm and correct 

rejection categories were artificially inflated due to a window of SRSO imagery during a 

period with few VIS/IR overshooting tops. The analysis was filtered to mimic a routine 

scanning schedule to reduce this impact. Both sets of statistics will be presented for 

completeness. From the categorical counts, this filtering reduced the number of false 

alarms by about one third and the number of correct rejections by just over one half, 

while the clear hit, obscured hit, and miss categories were largely unchanged. After 

filtering, obscured hits became the largest category, whereas it was a distant second 

behind correct rejections and nearly equal to false alarms initially. The POD increased 

and the FAR decreased after filtering, which are improvements in both categories. The 

POD of 0.81 for Emily is the second highest across the four cases, but is probably the 

best reflection of actual skill, as Guillermo’s high POD is significantly affected by its 

high percentage of obscure hits. The Gilbert and Heidke skill scores for Emily were the 

best of all four TCs, with a GSS of 0.21 and HSS of 0.34. 

 Hurricane Earl was noteworthy for its misses, with 82 instances comprising 

44.6% of the images examined, as well as its 60 correct rejections. As noted in the 
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previous section, the scarcity of IRWV ≤ -3 K pixels for a long portion of Earl’s study 

period meant that nearly every image during that time fell into one of those two 

categories. The effectiveness of the IRWV product in the early part of the study period 

resulted in 26 clear hits, the most of any storm. Earl is also the only storm with more 

clear hits than obscured hits. The nature of these clear hits, however, is different from 

other storms. Many of the clear hits for Earl were for clusters of IRWV ≤ -3 K pixels 

without any stronger IRWV signals of ≤ -4 K. The relative scarcity of IRWV “noise” 

elsewhere in the image allowed for these to be interpreted as hits. In other storms, it 

would be more difficult to interpret these as hits without corroborating VIS imagery as 

hits because there are so few pixels of IRWV ≤ -4 K or stronger. Without being familiar 

with the nature of Earl’s IRWV imagery, it is likely that many of these clear hits would 

be dismissed as “no forecasts” and end up in the “miss” category. Despite the high 

number of clear hits in Earl, the much larger number of misses makes Earl’s POD the 

lowest of all the storms. On the other hand, Earl has the second lowest FAR, only higher 

than Guillermo’s misleading value. Earl had modest but positive Gilbert and Heidke skill 

scores of 0.10 and 0.18, respectively. 
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CHAPTER 5. PIXEL COUNTING SCHEME STATISTICAL ANALYSIS 

 

 As described in the Data and Methods section, a simple quasi-objective scheme 

was developed to test the ability of the IRWV technique to detect overshooting tops in 

the TC inner core without the aid of a human analyst to interpret the images. Counts of 

IRWV ≤ -3 K pixels within 0.7º latitude (~77 km) were compared to a threshold N. 

IRWV images with a count ≥ N were considered “yes forecasts” for the presence of 

overshooting tops, while images with < N pixels were categorized as “no forecasts.” This 

was done for several values N. The “yes” and “no” observations of the presence of 

overshooting tops were based on the visual inspection of VIS and IR imagery as in the 

subjective scheme. The categorical counts (hits, misses, false alarms, and correct 

rejections) and verification statistics (POD, FAR, GSS, and HSS) for various thresholds 

for all four storms can be seen in Figure 20. 

 For Guillermo, it is alarming the miss category is the most populated category at 

every count threshold. The most hits occur for the least selective threshold and decrease 

to near zero as the threshold increases, which is also reflected in the POD. False alarms 

and correct rejections are few, similarly to the subjective scheme results. The GSS and 

HSS have their worst values for the lowest threshold and both increase as the threshold 

increases. The best values of the skills scores are positive but very small, remaining < 

0.01 at the highest threshold. Again, it should be noted that Guillermo is an extreme case 

with ~92% of the image times having overshooting tops present because the case was 

selected for the presence of both SRSO imagery and CVBs. 
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 The quasi-objective scheme produced very different results for Dennis than the 

subjective scheme did. Correct rejections were the largest category at all thresholds 

tested, followed by misses for all thresholds except the lowest. For the lowest threshold, 

the categories fell into a narrow range before spreading with increasing thresholds. While 

the categories for “no forecasts,” correct rejections and misses, increased as the threshold 

increased, the other categories decreased for a rising threshold. In the subjective scheme, 

false alarms were the most frequent categorization. Dennis’s FAR is alarmingly high for 

all thresholds, while the POD falls off from an initially high value as the threshold 

increases. The skill scores are positive but small for the lowest threshold, with GSS = 

0.05 and HSS = 0.09. Both skill scores are small negative values for all other thresholds. 

All told, the results for Dennis are not promising. 

 The results for Emily suggest that the quasi-objective scheme has a difficult time 

distinguishing between images that do and do not have overshooting tops present. For the 

lower threshold, the “yes forecasts,” hits and false alarms are the largest categories. There 

were more than 20 more false alarms than hits. As the threshold was raised, the “no 

forecast” categories became larger and the “yes forecasts” decreased. The FAR remains a 

nearly constant ~0.6 for all thresholds. The POD is rather good at 0.73 for the lowest 

threshold, but falls off as the threshold is increased. The skill scores are both small 

negative values for all thresholds tested. 

 The results for Earl are quite poor. The number of misses is 100 for the lowest 

threshold, increasing to ~120 for the highest threshold. There are 64 correct rejections for 

all thresholds. The hits decrease from 20 to 3 from the lowest to highest threshold. There 

are zero false alarms for all thresholds, and therefore FAR = 0 for all thresholds as well. 
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These results suggest that there were very few IRWV ≤ -3 K pixels per image for Earl. 

The near consistency of misses for all thresholds means that the shape of the POD vs. 

threshold curve is near identical to the hits vs. threshold curve, but the high number of 

misses relative to hits means that the POD is small for all thresholds, with a maximum 

value of 0.17. The Gilbert and Heidke skill scores have their maximum values for the 

smallest threshold at 0.07 and 0.12, respectively, and become small but still positive as 

the threshold increases. For both skill scores, having zero false alarms improves their 

value. 

 None of the cases examined suggest that such a simple objective scheme is useful 

in detecting the presence of overshooting convection. Skill scores largely near or less 

than zero indicate that such a scheme is equivalent to or worse than random yes or no 

predictions. The few suggestions of success present in these statistics, like having POD > 

FAR for low thresholds in Guillermo or having FAR = 0 in Earl, can be quickly 

explained away from a closer examination of the data. 
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CHAPTER 6. LOWER-STRATOSPHERIC INVERSION  

 

 The physical mechanism at work for the detection of overshooting convection by 

the IRWV product relies on the presence of a temperature inversion in the lower-

stratosphere. If the air warms with height above the tropopause, water vapor pushed or 

detrained above cold cloud tops should result in IRWV < 0. It follows that the frequency 

and/or magnitude of the IRWV < 0 signals could be affected by how rapidly the lower 

stratosphere warms above the tropopause. 

 The mean TC-season (July-October) soundings from the Caribbean and tropical 

North Atlantic from Dunion (2011) show the presence of a distinct temperature increase 

of ~2ºC km-1 above the cold-point tropopause. GPS radio occultation studies (e.g., Grise 

et al. 2010; Son et al. 2011) show that, on average, the tropical tropopause is much 

“sharper,” meaning having a strong lower-stratosphere inversion, than the subtropical or 

mid-latitude tropopause. The tropopause and lower-stratospheric inversion are far from 

static structures, however. Examination of available soundings launched within 500 km 

of the estimated storm center during three of the four cases in this study (no such 

soundings were available for Guillermo) reveals considerable variation in tropopause 

height and temperature and the magnitude of the temperature increase over various layer 

depths above the tropopause. For the purposes of this study, the tropopause is defined as 

the coldest level reported in the sounding. Severe thunderstorms in the mid-latitudes can 

have overshooting tops that penetrate to 2-3 km above the tropopause and surrounding 

anvils (Heymsfield et al. 1991). The overshooting tops in the TC inner core are not 

expected to reach as high, however, since TC eyewall updrafts are weaker than mid-
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latitude severe convection (Zipser and LeMone 1980; Black et al. 1996) and the tropics 

are characterized by greater lower-stratospheric stability (Grise et al. 2010; Son et al. 

2011). For this study, layers of 0.5, 1.0, and 1.5 km above the tropopause are considered 

to reflect these expected shallower overshooting tops. 

 Hurricane Emily (2005) was chosen as a case study because it occurred at nearly 

the same time as Hurricane Dennis but originated and spent several days at lower 

latitudes than where Dennis was located during the study period. It was believed this 

would provide an opportunity to observe the effectiveness of the IRWV technique for 

different conditions of tropopause sharpness.  While Dennis was located between 24.5 

and 25.1ºN in the Gulf of Mexico, Emily was examined over a range of latitudes from 

12.3 to 19.6ºN (Fig. 5), where the lower stratosphere inversion should be stronger (Grise 

et al. 2010; Son et al. 2011).  Hurricane Earl was sampled over a range from 16.4-22.7ºN, 

spanning much of the latitude range between Dennis and Emily, although Earl occurred 5 

years later. 

 Table 2 shows the temperature increases over 0.5, 1, and 1.5-km layers above the 

tropopause, as well as tropopause height and temperature, for the selected soundings. It is 

immediately clear that the tropopause and lower-stratosphere inversion are far from static 

structures, with variability in height and temperature changing over time and space. For 

example, Curacao and Riohacha, Colombia are only about 440 km apart, but at 0000 

UTC 15 July the cold-point tropopause is nearly 2 km higher and has a much stronger 

inversion over Curacao, despite the tropopause being more than 4 K colder over 

Riohacha. On average, the soundings for Emily have the strongest temperature inversions 

over all three layer thicknesses above the tropopause, and particularly for the two 
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shallowest layers. It is impossible to know the exact structure of the tropopause and 

lower-stratosphere above the TC due to both the natural variability of these structures 

plus any modification from the TC itself. 

 The average number of pixels at or below various IRWV-difference thresholds for 

the inner core of the four storms can be found in Table 3. It is immediately apparent that 

Emily has by far the most pixels less than or equal to the threshold for thresholds of -1, -

2, -3, and -4. This appears to be consistent with the sharper tropopause in the soundings 

near Emily than Dennis and Earl. It is interesting to note that Earl has so few IRWV ≤ -3 

K pixels, but is similar to Dennis at IRWV ≤ -2 K and far exceeds Dennis at IRWV ≤ -1 

K.  
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CHAPTER 7. IR VS. IRWV IN INTENSITY FORECASTING 

 

 The main focus of this study was to assess the reliability of the IRWV product to 

consistently identify the presence of overshooting tops in TC eyewalls, with the notion 

that monitoring eyewall convective activity could provide useful information for TC 

intensity forecasting. Velden and Olander (1998) and Olander and Velden (2009) 

proposed that the IRWV product could add skill to the advanced Dvorak technique. Part 

of their motivation for including the IRWV product in such a scheme was the idea that 

the IRWV product should be sensitive to the presence of ongoing convection, while cold 

convective anvils tend to linger after the supporting convection has dissipated. They 

indeed found that including IRWV < 0 pixel counts improved the skill of the advanced 

Dvorak technique in forecasting intensity in the 12 to 24 h window. 

 Other authors (e.g., Gentry et al. 1980; Steranka et al. 1986) have noted that 

cooling of cloud tops, as measured by the IR brightness temperature, precedes TC 

intensification. Simple traces of 6-h mean IR brightness temperature within 222 km of the 

TC center (Steranka et al. 1986) or IRWV < 0 pixel counts within 136 km of the TC 

center (Olander and Velden 2009) demonstrate that there is not a simple one-to-one 

relationship between these parameters and intensification. While the general pattern of IR 

cooling or increased IRWV < 0 activity does precede intensification, the nature of this 

relationship seems highly variable. The advanced Dvorak technique, however, does 

include some more sophisticated parameters as predictors, such as an IR cloud top 

symmetry parameter. 
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 While it is true that all IRWV < 0 pixels require a cold corresponding IR pixel 

(with the exception of some IR gradient edge artifacts), not all cold IR pixels result in 

IRWV < 0 pixels. This is a major part of the appeal of the IRWV product: the ability to 

distinguish between active convection and convective remnants. Figure 18 shows an 

example of the IRWV product successfully making such a distinction. At 0745 UTC (left 

panels), the IRWV product successfully identifies the vigorous convective tower in the 

western eyewall of Hurricane Emily (2005), as documented by Cecil et al. (2010). At the 

next GOES image time at 0801 UTC, despite the cooling of the downwind anvil in the 

south and southeastern eyewall, the IRWV product shows minimal activity for IRWV ≤ -

3 K.  

 In the present study, a brief analysis was conducted that measured correlations 

between counts of IR and IRWV pixels that met various threshold criteria within 0.7º 

latitude (~77 km) of the estimated TC center. The correlations for all four TC cases can 

be found in Table 4. These Pearson correlation values describe the linearity of the 

relationship between two variables, with a value of 1 or -1 indicating a perfect linear, or 

proportional, relationship, and a value of 0 indicating a complete lack of proportionality. 

 Note the abundance of strong correlations for Dennis, and in particular those for 

IRWV ≤ -3 K pixel counts and IR ≤ 198 K pixel counts. This indicates that the 

appearance of many cold IR pixels in an image was very frequently accompanied by an 

elevated number of IRWV pixels that were expected to highlight overshooting tops. The 

198 K IR threshold is not particularly selective, and is far more indicative of widespread 

anvil clouds than overshooting tops. The strength of this correlation is likely connected to 

the high number of false alarms and obscured hits in the subjective interpretation scheme 
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results for Dennis (Table 1), as many IRWV = 3 pixels over anvils were frequent reasons 

for these categorizations. 

 A notable feature in the Pearson correlations for Emily is the IR ≤ 192 K column. 

The correlations increase with decreasing IRWV threshold until IRWV ≤ -4 K. The IR ≤ 

192 K threshold is very selective as these pixels are relatively rare and usually indicate 

active convective tops. The strong correlation with IRWV ≤ -4 K and weaker correlations 

with IRWV ≤ -1, -2, and -3 K is a good result, suggesting that the IRWV = -4 K pixels 

occur most frequently when very cold IR tops are present. 

   The strong and significant correlations between IR and IRWV pixels meeting the 

warmer criteria suggest that the ability of the IRWV product to distinguish between 

overshooting top and anvil is not as strong as was hoped. While the lower correlations for 

IRWV ≤ -4 K and ≤ -5 K suggest that the IRWV may contain different information than 

IR brightness temperature counts, the relative rarity of pixels meeting such selective 

IRWV thresholds (Table 3) would likely hinder their usefulness. To further demonstrate 

the redundancy of information held between the IR and IRWV pixel counts, time series 

of IRWV ≤ -3 K pixel counts, IR ≤ 198 K pixel counts, and interpolated NHC best track 

minimum sea level pressure for each TC are presented in Figure 21 (Guillermo is 

excluded due to the extremely short window). The first-order impression from these plots 

is that periods of increased IRWV activity are nearly always concurrent with periods of 

increased cold IR pixel counts. For these periods of increased IRWV and IR activity, 

there are examples of both IRWV slightly leading (e.g., Dennis starting ~2200 UTC 9 

July) and IR slightly leading (Emily starting ~0000 UTC 16 July). Note that the 
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variability in IR and IRWV pixel counts from case to case would also make inclusion of 

these parameters into any objective scheme difficult. 

 It is acknowledged that this is a rudimentary and simple analysis, but this result 

suggests that more creative and sophisticated derived parameters in a multi-predictor 

regression scheme (e.g., Olander and Velden 2007, 2009) are required in order for GOES 

data to be useful in TC intensity prediction forecasting. 
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CHAPTER 8. SUMMARY AND CONCLUSIONS 

 

 The goal of this study was to assess whether the infrared (IR) and water vapor 

(WV) channel brightness temperature difference (IRWV) product is able to consistently 

identify overshooting tops in tropical cyclone (TC) eyewalls. Eyewall convection has 

been argued to contribute to TC intensification, including rapid intensification (RI) (e.g., 

Holland 1997; Willoughby 1998; Reasor et al. 2009; Guimond et al. 2010). While the 

presence of convective towers in the eyewall at any given time does not guarantee 

intensification (Jiang 2012), the frequent generation of convection in the eyewall makes 

the likelihood of intensification and RI much greater (Kelley et al. 2004, 2005). It was 

believed that the IRWV product could provide a better tool for monitoring convection in 

the eyewall than geostationary infrared (IR) imagery or polar-orbiting microwave sensor 

products. GOES visible (VIS), IR, and IRWV imagery from periods of various lengths of 

four TCs were examined: Hurricane Guillermo (1997), Hurricane Dennis (2005), 

Hurricane Emily (2005), and Hurricane Earl (2010). 

 Impressions gleaned from subjective interpretation of the VIS, IR, and IRWV 

suggested that, despite some success, issues plaguing the IRWV imagery could prove too 

difficult to overcome. While overshooting tops in the eyewall of Guillermo were 

frequently marked by pixels of IRWV ≤ -4 K or colder, pixels of IRWV ≤ -3 K appeared 

throughout many of the images. Strong negative IRWV pixels (e.g., ≤ -4 K) also 

frequently appeared along strong meridional IR gradients. This could be explained by the 

differential horizontal resolution between the IR and WV channels in the GOES imager 

instrument in use at that time (Setvak et al. 2010). This issue was almost nonexistent in 
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the other three TC cases, as the GOES imagers used after 2001 had equal resolution in the 

IR and WV channels. The appearance of IRWV = -3 K pixels across broad expanses of 

high cold clouds also made interpretation of the IRWV images difficult at times. 

Sometimes these IRWV = -3 K pixels were sparse enough to allow for identification of 

the overshooting tops present, but other times they were so pervasive as to wash out any 

useful signals. This was referred to as “pulsing.” It is possible that the pulsing was due to 

1-K resolution of the IR data, as small fluctuations in the anvil IR temperatures could 

cause the IRWV values to fluctuate above and below the IRWV = -3 K threshold. 

 While the equal resolution of the IR and WV channels essentially eliminated the 

strong IR gradient artifacts, it may have also reduced the effectiveness of the IRWV 

product in identifying over shooting tops. The subjective impression was that 

overshooting tops in Hurricanes Dennis, Emily, and Earl were far less frequently marked 

by pixels of IRWV ≤ -5 K, but were more often associated with IRWV values of -3 or -4 

K. It is possible that the strong (more negative) IRWV pixels associated with 

overshooting tops in Guillermo were amplified by the differential resolution and the 

strong IR gradients from the overshooting tops themselves. The weaker (less negative) 

IRWV pixels marking overshooting tops in Dennis, Emily, and Earl meant that the 

presence of IRWV = -3 K pixels not associated with overshooting tops significantly 

clouded the interpretation of the IRWV images. 

 Two schemes were developed to quantify the performance of the IRWV product 

in identifying overshooting tops. The subjective interpretation scheme involved noting 

the presence or absence of overshooting tops in VIS and IR imagery, and then 

categorizing whether the corresponding IRWV image correctly captured this presence or 
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absence of overshooting tops. If overshooting tops were present in the VIS and IR, the 

IRWV image could fall into one of three categories: (1) clean hit, if the IRWV correctly 

marked the overshooting top(s) with pixels of ≤ -3 K without much in the way of 

obstructing IRWV signals; (2) obscure hit, if the IRWV image correctly identified the 

overshooting top(s), but the presence of other IRWV signals made the interpretation 

difficult, or (3) miss, if the IRWV image failed to identify the overshooting top(s), 

whether IRWV ≤ -3 K pixels were present elsewhere in the image or not. In the absence 

of overshooting convection, the IRWV image could be either a false alarm if too many 

IRWV ≤ -3 K pixels were present to ignore, or it could be a correct rejection if the IRWV 

image sufficiently lacked IRWV ≤ -3 K pixels such that it correctly did not suggest 

overshooting convection. From these categorizations, forecast verification statistics were 

applied to assess the IRWV product, with “identification” of overshooting tops replacing 

the “forecast” distinction. Clean hits and obscured hits were combined into a single hits 

category, though the two categories were also considered as different in interpreting the 

statistics. 

 Under the subjective interpretation scheme, Emily yielded the best results, with 

the highest Gilbert and Heidke skill scores and a difference between the probability of 

detection (POD) and false alarm ratio (FAR) of 0.47. Guillermo appeared to have 

favorable results with a high POD and low FAR, but the sample for Guillermo was 

extremely skewed with over 90% over the imagery containing at least one overshooting 

top. Dennis had the worst results, with Gilbert and Heidke skill scores both less than 0, 

indicating that the “forecasts” performed worse than random guesses. Caution is urged 

when considering the subjective scheme results, as the distinction between clear hit and 
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obscured hit may not be as easy to make when visible imagery is not available to 

corroborate the IR and IRWV. Even with this crutch in place, the drastically different 

performance from storm to storm suggests that the IRWV product does not provide a 

robust tool that can be trusted in all cases. 

 In order to remove some of the bias of a human analyst, a pixel counting scheme 

was developed. The presence or absence of overshooting tops in the eyewall was still 

determined by subjective analysis. The IRWV interpretation was replaced by using 

counts of IRWV ≤ -3 K pixels within 0.7º latitude (~77 km) of the estimated TC center. 

A threshold N, if the count exceeded N for a particular image, was considered as the 

IRWV suggesting the presence of overshooting tops, while an image with a count less 

than N were taken to mean that no overshooting tops should be present. The behavior 

among the four TCs was extremely varied. For Earl and Dennis, the best skill scores 

came for the lowest threshold of IRWV ≤ -3 K pixel counts, while Guillermo’s skill 

scores improved as the threshold was increased. Emily’s skill scores were near-zero for 

all values of the threshold. The lack of consistency in performance from storm-to-storm 

at various thresholds does not bode well for this or any similar objective techniques in 

connecting IRWV signals to the presence or absence of overshooting tops. 

 The presence of a steeper temperature inversion in the lower stratosphere directly 

impacts the average number of IRWV < 0 pixels in an image. Emily, which had the 

steepest inversion and most IRWV < 0 pixels of the cases examined, also had more false 

alarms than hits at every threshold in the quasi-objective scheme. In the subjective 

scheme, much of Emily’s success may be pinned on the fact that over 75% of the hits 

recorded were obscured hits. The relative few IRWV pixels of Earl resulted in a POD and 
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FAR both far below those of Emily in the subjective scheme. Earl’s zero false alarms in 

the quasi-objective scheme were similarly balanced out by the fact that misses far 

outnumbered all the other categories combined.  

 The results of Martin et al. (2008) and Olander and Velden (2009) show that 

IRWV < 0 signals do indeed identify convectively active regions due to the moistening of 

the lower stratosphere above cold cloud tops. The current study, however, shows that the 

skill and reliability of the IRWV product to locate and identify individual overshooting 

tops with regularity fall far short of the initial hopes at the outset of the study. While the 

addition of a tool in the arsenal of TC satellite analysts is hardly a negative development, 

the results presented herein suggest that other data sources should be used in conjunction 

with the IRWV product as frequently as possible for high temporal resolution monitoring 

of convection. 
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CHAPTER 9. FUTURE WORK 

 

 One of the major assumptions in the methodology of this study is that all the 

subjectively identified overshooting tops are at or very close to the tropopause level, and 

thus ought to produce IRWV < 0 signals. Other studies of TC eyewall convective towers 

have used the Tropical Rainfall Measuring Mission (TRMM) Precipitation Radar (PR) 

instrument and some threshold of reflectivity and altitude to identify such towers (e.g., 

Kelley et al. 2004; Jiang 2012). Combined with nearby soundings, a similar approach 

using the TRMM PR could provide an opportunity to better identify convective towers 

that are truly near or penetrating the cold point tropopause. This type of study would 

necessarily have to take a different sampling approach from the current study as data 

availability would be limited by both TRMM overpasses and soundings. GPS radio 

occultation could prove useful for remote sensing tropopause height and temperature, 

although there exist limitations on this tool, such as the vertical resolution being on the 

order of ~1 km and the need of first guess profiles for temperature and water vapor 

(Kursinski et al. 1997). It may prove difficult to produce a substantial data set given these 

limitations. 

 The current study was undertaken with the hope that the IRWV product could 

consistently identify overshooting convection in the TC eyewall, and ended with 

disappointing results. On the other hand, Olander and Velden (2009) found that adding 

IRWV < 0 pixel counts from near the TC center into their advanced Dvorak Technique 

(ADT) multivariate regression scheme improved their intensity forecasts in the 12-24 h 

range. This suggests that the IRWV product is better used for identifying convectively 
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active regions rather than individual convective elements. Further work in developing 

parameters based on the IRWV product with this approach in mind could continue to 

improve automated forecasts. 
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TABLES 

Table 1. Results from subjective interpretation scheme analysis of IRWV overshooting 
top detection for four TCs. The first number given is the count of images falling into that 
category, and the number in parentheses is the percent of the total. Total image number 
per storm is given in parentheses after the storm name. POD = probability of detection, 
FAR = false alarm ratio, GSS = Gilbert skill score, HSS = Heidke skill score. See 
Appendix for statistical formulae. 
 
Category Guillermo 

(89) 
Dennis 
(73) 

Emily all 
(276) 

Emily filtered 
(195) 

Earl 
(184) 

“Yes” obs. 82 (92.1) 31 (42.5) 151 (54.7) 126 (64.6) 120 (65.2) 
Clear Hit 8 (8.9) 2 (2.7) 19 (6.8) 19 (9.7) 26 (14.1) 
Obscured Hit 64 (71.9) 13 (17.8) 67 (24.2) 64 (32.8) 11 (6.0) 
Miss 10 (11.2) 16 (21.9) 24 (8.7) 20 (10.3) 82 (44.6) 
False Alarm 6 (6.7) 31 (42.5) 65 (23.6) 43 (22.1) 5 (2.7) 
Correct 
Rejection 

1 (1.1) 11 (15.1) 101 (36.6) 49 (25.1) 60 (32.6) 

POD 0.88 0.48 0.78 0.81 0.31 
FAR 0.08 0.67 0.43 0.34 0.12 
GSS 0.01 -0.11 0.22 0.21 0.10 
HSS 0.02 -0.24 0.37 0.34 0.18 
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Table 2. Lower-stratosphere inversion strengths for various layer thicknesses above the 
tropopause near Hurricanes Dennis (2005), Emily (2005) and Earl (2010). zt is the height 
of the tropopause above MSL, Tt is the temperature of the tropopause as measured by 
radiosonde, and ∆T is the change in temperature from the tropopause over the layer 
specified. Radiosonde data retrieved from the University of Wyoming’s online archive at 
http://weather.uwyo.edu/upperair/sounding.html. 
 
DENNIS 
        ∆T (ºC)   
Location zt (km)  Tt (ºC)  0.5 km  1 km  1.5 km 
 
09/1800 UTC 
Tampa  16.2  -77.3  2.1  1.8  7.6 
 
10/0000 UTC  
Key West 16.5  -81.5  4.8  5.5  8.7 
Tampa  15.7  -78.7  0.9  4.6  4.6 
     
  Mean ± Std. Dev.  2.6 ± 2.0 4.0 ± 1.9 7.0 ± 2.1 
 
 
EMILY 
        ∆T (ºC)   
Location zt (km)  Tt (ºC)  0.5 km  1 km  1.5 km 
 
14/1200 UTC 
Barbados 17.2  -77.3  4.7  9.2  9.1 
 
15/0000 UTC 
Curacao 17.2  -76.5  4.0  7.7  8.2 
 
15/1200 UTC 
Curacao 17.7  -75.3  6.1  8.1  8.6 
Riohacha 15.6  -79.7  0.8  2.0  4.7 
 
16/000 UTC 
Curacao 15.9  -80.5  5.3  2.8  7.6 
 
18/0000 UTC 
Cancun 16.7  -77.9  3.1  6.4  6.7 
 
  Mean ± Std. Dev.  3.6 ±1.8 6.5 ± 2.6 7.5 ± 1.6 



	   67	  

EARL 
        ∆T (ºC)   
Location zt (km)  Tt (ºC)  0.5 km  1 km  1.5 km 
 
29/1200 UTC 
Guadeloupe 17.3  -78.3  2.0  4.0  -- 
 
30/1200 UTC 
Guadeloupe 16.0  -80.9  4.0  8.1  8.2 
San Juan 15.7  -80.1  2.1  2.3  1.4 
 
31/0000 UTC 
San Juan 15.9  -79.9  4.2  4.1  8.0 
 
31/1200 UTC  
San Juan 16.1  -79.9  1.9  5.2  5.6 
 
  Mean ± Std. Dev.  2.8±1.2 4.7±2.1 5.8±3.2 
 
 
 
Table 3. Mean number of pixels within 0.7º latitude (~77 km) of the estimated TC centers 
at or below various IRWV thresholds. 
 
   IRWV 

threshold 
  

Storm ≤ -1 K ≤ -2 K ≤ -3 K ≤ -4 K ≤ -5 K 
Guillermo 121.9 29.4 6.0 1.3 0.2 
Dennis 136.1 38.4 6.7 0.6 0.1 
Emily 426.3 115.1 19.1 2.1 0.2 
Earl 243.5 38.0 2.9 0.1 0.0 
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Table 4. Pearson correlations between the number of IRWV and IR pixels below 
specified thresholds at each time step for the study periods of four TCs. Values in bold 
are significant at the 99% level. 
 
Guillermo 
(n = 89) 

   IR   

  ≤ 204 K ≤ 201 K ≤ 198 K ≤ 195 K ≤ 192 K 
 ≤ -1 K 0.3365 0.0608 0.3258 0.4238 0.4238 
 ≤ -2 K 0.4187 0.4274 0.5089 0.4898 0.4898 
IRWV ≤ -3 K 0.2331 0.3929 0.5160 0.5084 0.5084 
 ≤ -4 K 0.2307 0.2447 0.4969 0.5031 0.5031 
 ≤ -5 K 0.1647 0.1459 0.4627 0.5047 0.5047 
 
Dennis 
(n = 100) 

   IR   

  ≤ 204 K ≤ 201 K ≤ 198 K ≤ 195 K ≤ 192 K 
 ≤ -1 K 0.8731 0.7252 0.6081 0.5231 0.0899 
 ≤ -2 K 0.7705 0.8232 0.7628 0.6738 0.1939 
IRWV ≤ -3 K 0.4951 0.7194 0.7760 0.7066 0.3234 
 ≤ -4 K 0.3592 0.5418 0.6134 0.5510 0.0514 
 ≤ -5 K -0.0181 -0.0492 -0.0588 -0.0238 -0.0225 
 
Emily 
(n = 433) 

   IR   

  ≤ 204 K ≤ 201 K ≤ 198 K ≤ 195 K ≤ 192 K 
 ≤ -1 K 0.6429 0.6125 0.5555 0.3425 0.1676 
 ≤ -2 K 0.5989 0.6778 0.6677 0.4866 0.2926 
IRWV ≤ -3 K 0.4935 0.6043 0.6812 0.5689 0.3725 
 ≤ -4 K 0.3236 0.4279 0.5456 0.5918 0.5247 
 ≤ -5 K 0.1976 0.2845 0.3711 0.3917 0.3429 
 
Earl 
(n = 279) 

   IR   

  ≤ 204 K ≤ 201 K ≤ 198 K ≤ 195 K ≤ 192 K 
 ≤ -1 K 0.9142 0.8220 0.6629 0.4418 0.3200 
 ≤ -2 K 0.6863 0.7649 0.8162 0.7469 0.6157 
IRWV ≤ -3 K 0.3833 0.5117 0.6597 0.7311 0.7043 
 ≤ -4 K 0.3389 0.4592 0.5279 0.5579 0.5658 
 ≤ -5 K 0.0648 0.0896 0.1069 0.0405 -0.0130 
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FIGURES 

 
 
Figure 1. Vertical cross section of cloud (ice, snow, and graupel) hydrometeors (shaded, 
g kg-1), superposed with in-plane storm-relative flow vectors (see the speed scales at the 
bottom right, m s-1) and vertical motion (downward motion by dashed lines in blue at 
intervals of 1 m s-1 and upward motion by solid lines in red at intervals of 3 m s-1). The 
null vertical motion contour is omitted. (From Zhang and Chen 2012.) 
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Figure 2. ER-2 Doppler radar reflectivity (top) and vertical velocities w (bottom) during 
the 1950-2017 flight time. Traces in bottom panel show w (white) and θe (black) derived 
from the DC-8 (~11.75 km) and WP-3D (~4.5 km) flight level data. Reflectivities (w) 
exceeding 50 dBZ (8 m s-1) are white, and w less than -8 m s-1 are black. Dashed line in 
the reflectivity plot shows an intruding region of low reflectivity at cloud top. Arrows 
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indicate detrainment of mass from the eyewall updraft. The “S” indicates the subsidence 
region within the eye. Wind barbs are pennant: 25 m s-1, flag: 5 m s-1, and half flag: 2.5 m 
s-1. (From Heymsfield et al. 2001.) 
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Figure 3. Schematic to demonstrate the physical mechanism for the IRWV product. 
Turquoise color represents the column of water vapor above the cloud tops. The red trace 
represents the vertical temperature structure of the troposphere and lower stratosphere. 
Red curves represent emitted radiation detected by the IR channel (~11.7 µm) and the 
blue curves represent emitted radiation detected by the WV channel (~6.7 µm). See text 
for discussion.
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a.) 

 
 
b.) 
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c.) 

 
 
d.) 
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Figure 4. National Hurricane Center best track 1-minute 10-m maximum sustained winds 
(blue solid line) and minimum central sea-level pressure (green dashed line) for (a) 
Hurricane Guillermo (1997), (b) Hurricane Dennis (2005), (c) Hurricane Emily (2005), 
and (d) Hurricane Earl (2010). The periods of interest for the present study fall between 
the vertical black solid lines. 
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Figure 5. Estimated TC center locations at ~3 h intervals of the four TCs presented in the 
current study and the locations of sounding launch sites (red *’s) used in the study. 
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a.) b.)

 
c.) 

 
 
Figure 6. Example of a clear hit. Images of Hurricane Emily (2005) at 1615 UTC 17 July 
(a) in the derived IRWV product (K), (b) from the IR channel brightness temperature (K), 
and (c) the VIS channel. The rings in the IRWV and IR images show radii of 0.3 and 0.7 
degrees latitude from the approximate storm center. Gridlines in the VIS image depict 
latitude and longitude at 1º intervals. 
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a.) 

 

b.)

 
c.) 

 
 
Figure 7. Example of an obscured hit. As in Fig. 6, except for Hurricane Dennis (2005) at 
1432 UTC 9 July. 
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a.) 

 

b.) 

 
c.) 

 
 
Figure 8. Example of a miss. As in Fig. 6, except for Hurricane Earl (2010) at 1945 UTC 
30 August. 
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a.) 

 

b.) 

 
c.) 

 
 
Figure 9. Example of a false alarm. As in Fig. 6, except for Hurricane Dennis (2005) at 
1915 UTC 9 July. 
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a.) 

 

b.) 

 
c.) 

 
 
Figure 10. Example of a correct rejection. As in Fig. 6, except for Hurricane Earl (2010) 
at 1425 UTC 31 August.
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a.) 

 

b.)

 
 
 

c.) 

 
 
 
Figure 11. As in Fig. 6, except for Hurricane Guillermo (1997) at 2026 UTC 2 August. 
The black arrow in (c) depicts the deep-layer shear vector. 
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a.) 
 

 
b.) 

 
 
 
 
 

c.) 
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Figure 12. (a) Time-azimuth distribution of low-wavenumber (n = 0-4) vertical velocity 
averaged for 2-6 km height and within the eyewall for 20-30 km radius. Contour interval 
is 0.5 m s-1. Negative values are indicated by dotted contours. The solid line denotes the 
downshear direction. The low-level positions of convective bursts are labeled A-H. (b), 
(c) Radar reflectivity (shading), low-wavenumber (n = 0-4) vertical velocity (contours), 
and low-wavenumber horizontal winds (vectors) in the 9-11 km layer. Only reflectivity 
values > 15 dBZ have been shaded for clarity. The vertical velocity contour interval is 2 
m s-1. Negative values are indicated by dashed contours. Regions with substantial wind 
coverage gaps are omitted. Locations of convective bursts are labeled B and C. (From 
Reasor et al. 2009, their Figs. 7a and 8)
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a.) 

 

b.) 

	  
c.) 

 
 
Figure 13. As in Fig. 6, except for Hurricane Guillermo (1997) at 2000 UTC 2 August. 
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a.) 

 
 
b.) 
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Figure 14. Time-azimuth sections of Hurricane Guillermo (1997) on 2 August of the 
minimum value over an annulus 0.3-0.7 degrees latitude from the approximate storm 
center of a) IR temperature (K) and b) IRWV product (K). 
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a.) 

 

b.)

 
 

c.) 

 
 
Figure 15. As in Fig. 6, except for Hurricane Guillermo (1997) at 2030 UTC 2 August.



	   89	  

a.)

 
 
b.)
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c.) 

 
 
d.) 

 

 

 
 
 

Figure 16. IRWV and IR images of Hurricane Guillermo (1997) at four consecutive 
SRSO times on August 2 at (a) 2050, (b) 2051, (c) 2052, and (d) 2054 UTC. 
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a.) 

 
b.) 

 
c.) 
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Figure 17. Consecutive GOES RSO images of Hurricane Dennis (2005) at (left) 1425 and 
(right) 1432 UTC on July 9 (a) in VIS, (b) in IR, and (c) in the IRWV product. The 
arrows in (a) indicate the convective tower discussed in the text.
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a.) 

 
 
b.) 

 

 

 
 
 

 
 
Figure 18. Consecutive images of Hurricane Emily (2005) at (left) 0745 and (right) 0801 
UTC 17 July in (a) IR channel brightness temperature and (b) the IRWV product. 
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a.) 

 
 

 
 

 
 

b.) 
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c.) 

 
 
 
 
 

 
Figure 19. VIS (top panel), IR (middle), 
and IRWV product (bottom) images at 
three consecutive RSO times for 
Hurricane Earl (2010) at (a) 2025 UTC, 
(b) 2032 UTC, and (c) 2040 UTC on 
August 31.
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a.) 

 
b.) 
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c.) 

 
d.) 
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Figure 20. Categorical counts (top panel) and forecast verification statistics (bottom 
panel) with IRWV ≤ -3 K pixel count threshold in the abscissa for (a) Guillermo (1997), 
(b) Dennis (2005), (c) Emily (2005), and (d) Earl (2010).  
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a.) 
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b.) 
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c.) 

 
Figure 21. Time series of IRWV ≤ -3 K (green x’s) and IR ≤ 198 K (red dots) pixel 
counts within 77 km of the estimated TC center and a cubic spline interpolation of 
National Hurricane center best track minimum sea level pressure (blue line) of (a) 
Hurricane Dennis (2005), (b) Hurricane Emily, and (c) Hurricane Earl (2010). Note that 
the IRWV ≤ -3 K pixel counts have been multiplied by 5 for Dennis and Emily and by 10 
for Earl to be best shown on the same figure as the IR ≤ 198 K counts. 
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APPENDIX 
 
FORMULAS FOR STATISTICAL VALUES 
 
 For A = hits, B = false alarms, C = misses, and D = correct rejections, and n = 
number of data points: 
 
probability of detection (POD) = A/(A+C) 
 
false alarm ratio (FAR) = B/(A+B) 
 
Gilbert skill score (GSS) = (A-CH)/(A+B+C-CH) 
 
 where chance hits (CH) = (A+B)(A+C)/n 
 
Heidke skill score (HSS) = (A+D-E)/(A+B+C+D-E) 
  
 where expected random correct forecasts (E) = CH + (B+D)(C+D)/n 
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