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Abstract 24 

The inner-core thermodynamic structure of Hurricane Edouard (2014) is explored, 25 

primarily through an examination of both high-altitude dropsondes deployed during NASA’s 26 

Hurricane and Severe Storm Sentinel (HS3) and a 60-member convection-permitting ensemble 27 

initialized with an ensemble Kalman filter. The 7-day forecasts are initialized coincident with 28 

Edouard’s tropical depression designation and include Edouard’s significant intensification to a 29 

major hurricane. Ten-member ensemble groups are created based on timing of near rapid 30 

intensification (RI) onset, and the associated composite inner-core temperature structures are 31 

analyzed.  32 

It is found that at Edouard’s peak intensity, in both the observations and the simulations, 33 

the maximum inner-core perturbation temperature (~10–12 K) occurs in the mid-levels (~4–8 34 

km). In addition, in all composite groups that significantly intensify, the evolution of the area-35 

averaged inner-core perturbation temperatures indicate that weak to moderate warming (at most 36 

4 K) begins to occur in the low- to mid-levels (~2–6 km) ~24–48 h prior to RI, and this warming 37 

significantly strengthens and deepens (up to ~8 km) ~24 h after RI has begun. Despite broad 38 

similarities in the evolution of Edouard’s warm core in these composites, variability in the height 39 

and strength of the maximum perturbation temperature and in the overall development of the 40 

inner-core temperature structure are present amongst the members of the composite groups 41 

(despite similar intensity time series). This result and concomitant correlation analyses suggest 42 

that the strength and height of the maximum perturbation temperature is not a significant causal 43 

factor for RI onset in this ensemble. Fluctuations in inner-core temperature structure occur either 44 

in tandem with or after significant intensity changes.  45 
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1. Introduction 46 

 Tropical cyclones (TCs) are frequently distinguished from extratropical cyclones by 47 

differences in their vertical structure of temperature and wind. TC vortices are “warm core”, 48 

which means that the tropospheric temperature within the inner-core of the cyclone is warmer 49 

than the surrounding environment. Since the tangential wind fields of TCs are nearly balanced 50 

(Willoughby 1990), thermal wind dictates that this negative radial temperature gradient balances 51 

tangential winds that are maximized at low-levels and decrease with height. The first 52 

observational studies that attempted to determine the radial and vertical temperature structure of 53 

TCs analyzed flight-level temperature measurements at multiple altitudes of Hurricanes Cleo 54 

(1958; La Seur and Hawkins 1963), Hilda (1964; Hawkins and Rubsam 1968) and Inez (1966; 55 

Hawkins and Imbembo 1976). Using the Jordan (1958) mean sounding as a reference profile, 56 

these studies concluded that the maximum inner-core perturbation temperature typically occurred 57 

between 250–300 hPa, although a secondary maximum near 600–650 hPa was observed in Inez.  58 

Primarily because of these initial observational studies, it became widely accepted that 59 

the height of the maximum perturbation temperature (or “warm core”) in TCs is typically 60 

confined to the upper-troposphere. However, more recent studies have suggested that this may 61 

not be the case, with Stern and Nolan (2012) arguing that the inner-core temperature structure in 62 

TCs is simply not well known. This conjecture is mainly because, until recently, many of the 63 

flights into TCs were performed primarily below 6 km, and the duration of storm sampling was 64 

typically ~6 h. Halverson et al. (2006) used dropsondes deployed by NASA’s DC-8 (from 11–12 65 

km height) and ER-2 (from 19 km) aircraft on 10 September 2001 into Hurricane Erin and found 66 

a maximum perturbation temperature (using an environmental dropsonde as a reference profile) 67 

of 11 K near 500 hPa. In addition, Durden (2013) composited high-altitude dropsondes from 68 



 3 

inner-core soundings of 9 different storms and found that the height of the maximum 69 

perturbation temperature existed anywhere between 750 and 250 hPa.  70 

Recent NASA field campaigns, such as the Genesis and Rapid Intensification Processes 71 

(GRIP; Braun et al. 2013) and the Hurricane and Severe Storm Sentinel (HS3; Braun et al. 2016) 72 

have attempted to address the lack of spatial and temporal sampling through the utilization of 73 

high-altitude aircraft. Stern and Zhang (2016) used dropsondes deployed during GRIP by the 74 

DC-8 throughout the lifetime of Hurricane Earl (2010) to investigate the evolution of the inner-75 

core temperature structure and whether or not any relationship existed between the height of the 76 

maximum perturbation temperature and the intensity evolution. Utilizing an environmental 77 

reference temperature profile (measured by dropsondes deployed by NOAA’s G-IV aircraft), two 78 

distinct perturbation temperature maxima of similar magnitude were constantly observed, one in 79 

the mid-troposphere (4–6 km) and the other in the upper-troposphere (9–12 km). In addition, no 80 

relationship was found between the height of Earl’s maximum perturbation temperature and 81 

either the current intensity or subsequent intensity changes. Komaromi and Doyle (2016) 82 

examined the composite inner-core temperature structure of 6 different TCs using dropsondes 83 

deployed across 16 HS3 missions and also found that neither the height nor the magnitude of the 84 

warm core correlated with intensity change. 85 

More recent modeling studies have also suggested that the height of the warm core in 86 

TCs may be lower in the troposphere than traditionally believed. Stern and Nolan (2012) and 87 

Stern and Zhang (2013a,b) performed an extensive series of idealized experiments in which the 88 

microphysics, storm size, magnitude of vertical wind shear, and intensity all varied, and 89 

consistently obtained TCs with maximum inner-core temperature perturbations in the mid-levels 90 

(4–8 km). Wang and Wang (2014) obtained two distinct maxima in perturbation temperature in 91 
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their simulation of Supertyphoon Megi (2010), one in the mid-levels (5–6 km) and the other in 92 

the upper-levels (15–16 km); however, the upper-level warm core did not form until a period of 93 

rapid intensification (RI) began when the storm was already at category 2 strength. In an 94 

idealized experiment of a TC in radiative convective equilibrium performed by Ohno and Satoh 95 

(2015), the inner-core maximum perturbation temperature was found to be at ~9 km throughout 96 

much of the intensification phase, and a secondary upper-level temperature perturbation only 97 

developed once the TC reached near-major hurricane strength. Finally, in a simulation of 98 

Hurricane Earl, Chen and Gopalakrishnan (2015) found that the maximum perturbation 99 

temperature occurred at a height of 8 km at peak intensity.  100 

As discussed above, a majority of recent modeling studies have suggested the presence of 101 

a mid-level maximum perturbation temperature in the inner-core of TCs. In contrast, in 102 

simulations of Hurricane Wilma (2005) performed by Chen et al. (2011) and Chen and Zhang 103 

(2013), a single maximum perturbation temperature was found at 14 km. It was also argued that 104 

the formation of this temperature perturbation at this height helped trigger Wilma’s significant 105 

period of RI. This hypothesis will be explored in the case of Hurricane Edouard’s (2014) near-106 

RI1 event in this study through the use of high-altitude dropsondes, additional HS3 and satellite 107 

observations, and a convection-permitting 60-member ensemble simulation. 108 

 Hurricane Edouard was a named-tropical cyclone from 11–19 September 2014 that 109 

remained over the open Atlantic Ocean throughout its lifetime (Stewart 2014). The tropical wave 110 

that eventually became Edouard exited the African coast on 6 September. As the broad area of 111 

low-pressure tracked westward, convection increased near the center of the surface low, causing 112 

                                                        
1 Although Edouard did not officially undergo RI (according to the NHC criteria), the period 
of intensification was significant (a “near-RI event”). Therefore, RI timing is examined in 
this ensemble as it is traditionally defined, because it is more straightforward to do so. 
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the wave to be designated as a tropical depression at 1200 UTC 11 September. Steady 113 

intensification followed, and Edouard became a tropical storm early on 12 September and a 114 

hurricane early on 14 September. Over the next 24 h, a period of significant intensification 115 

occurred (12.9 m s-1 or 25 kts), and by 1200 UTC 16 September, Edouard reached its peak 116 

intensity with winds of 54.0 m s-1 (105 kts). Edouard began to weaken almost immediately 117 

thereafter as an eyewall replacement cycle (ERC) occurred, and as Edouard turned northward 118 

and northeastward, it accelerated ahead of an approaching mid-latitude trough. On 18 September, 119 

Edouard turned eastward and rapidly weakened to a tropical storm as it became embedded in 120 

strong vertical wind shear associated with the mid-latitude westerlies. It was subsequently 121 

reclassified as a strong post-tropical cyclone early on 19 September. 122 

 In addition to undergoing a period of significant intensification, Edouard was also notable 123 

for the numerous research missions conducted at times simultaneously throughout its lifetime 124 

(Stewart 2014). The NOAA WP-3D Hurricane Hunters conducted eight missions between 11–19 125 

September, while NASA’s Global Hawk performed four missions into and around Edouard 126 

throughout its lifetime, sampling the TC for up to 18 consecutive hours during each mission, as 127 

part of the 2014 campaign of HS3. In addition, the Global Hawk dropsondes were released from 128 

altitudes greater than 18 km, which yielded some of the first high-resolution samples of inner-129 

core TC temperature structure throughout the troposphere and lower stratosphere.  130 

The overall goal of this study is to investigate the evolution of the inner-core temperature 131 

structure of Edouard prior to and throughout its period of significant intensification by using both 132 

the unusual variety of observations and a 60-member convection-permitting ensemble simulation 133 

generated by the Pennsylvania State University (PSU) Real-time Atlantic Hurricane Analysis 134 

and Forecast System. In particular, the ensemble simulation provides an opportunity to not only 135 
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thoroughly examine the evolution of the modeled inner-core temperature structure, but also to 136 

examine the variability of the height and strength of the maximum temperature perturbation for 137 

groups of members that have similar intensity evolutions yet a variety of RI-onset times 138 

throughout the simulation. 139 

 Section 2 provides a description of the PSU real-time hurricane forecast and analysis 140 

setup and the available observations of Edouard’s inner-core temperature structure. Section 3 141 

presents an evaluation of Edouard’s observed and simulated inner-core temperature structure, as 142 

well as correlation analyses that examine the ensemble variability of Edouard’s warm core 143 

throughout the period of significant intensification. Finally, section 4 summarizes the main 144 

conclusions of this study. 145 

2. Methodology and data 146 

2.1 PSU WRF-EnKF real-time Atlantic hurricane analysis and forecast system 147 

 The 60-member ensemble simulation utilized in this study was originally a 126-h forecast 148 

initialized at 1200 UTC 11 September by the PSU real-time Atlantic hurricane analysis and 149 

forecast system (Zhang et al. 2009, 2011; Zhang and Weng 2015; Weng and Zhang 2016). For 150 

the 2014 configuration of this system, version 3.5.1 of the Advanced Research version of the 151 

Weather Research and Forecasting model (ARW-WRF; Skamarock et al. 2008) is coupled with 152 

an ensemble Kalman filter (EnKF) algorithm for data assimilation. Observations that are 153 

assimilated when available include Global Telecommunication System (GTS) conventional and 154 

reconnaissance data, superobservations generated from the airborne tail Doppler radar (TDR) on 155 

the NOAA P-3 aircraft (Weng and Zhang 2012), satellite-derived winds (Weng and Zhang 156 

2016), and dropsondes deployed from the NOAA/National Center for Atmospheric Research 157 

(NCAR) Advanced Vertical Atmospheric Profiling System (AVAPS) collected during HS3 158 
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flights (Braun et al. 2016). Three two-way nested domains are utilized with horizontal grid 159 

spacings of 27, 9, and 3 km, and all domains have 43 vertical levels and a model top at 10 hPa. 160 

The outermost domain is fixed, while the inner domains follow the vortex of the TC of interest. 161 

All physics configurations in WRF are the same as in Munsell et al. (2017). 162 

 The PSU WRF-EnKF system was first initialized for the invest area that eventually 163 

became Edouard at 0000 UTC 4 September, utilizing Global Forecast System (GFS) analyses. 164 

The first data assimilation cycle was performed on all three domains 12 h into integration, and 165 

continuous cycling occurred at 3 h intervals thereafter. The initial and lateral boundary 166 

conditions for the ensemble were generated by adding perturbations derived from the 167 

background error covariance of the WRF variational data assimilation system (Barker et al. 168 

2004). In addition, in order to examine Edouard’s inner-core temperature structure throughout its 169 

period of strong intensity, 40 of the 60 ensemble members (those that comprised the composite 170 

groups in Munsell et al. 2017; detailed below) were extended an additional 42-h through 1200 171 

UTC 18 September, resulting in a 168-h forecast initialized at 1200 UTC 11 September.  172 

2.2 Observations of Hurricane Edouard’s inner-core temperature structure 173 

 During the 2014 campaign of HS3, four flights utilizing NASA’s Global Hawk were 174 

performed throughout the lifetime of Hurricane Edouard. These flights spanned Edouard’s 175 

evolution from a newly formed tropical storm (11–12 September), the significant period of 176 

intensification to a strong category 2 TC (14–15 September), Edouard’s maintenance near peak 177 

intensity (16–17 September), and Edouard’s rapid weakening as it began to transition to an 178 

extratropical cyclone (18–19 September; Braun et al. 2016). The first two Edouard flights 179 

occurred during the original 5-day simulation window (15–27 h and 72–93 h), while the third 180 

flight was performed within the 42-h extension of part of the ensemble forecast (123–141 h). 181 
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Observations collected during the third HS3 flight, including 87 AVAPS dropsondes (Wick 182 

2015) deployed from ~18 km and data from the University of Wisconsin’s Scanning High-183 

Resolution Interferometer Sounder (S-HIS; Revercomb 2015), contain information about the 184 

inner-core temperature structure of Edouard. The dropsondes have been quality controlled and 185 

postprocessed at the NCAR Earth Observing Laboratory (EOL) using NCAR’s Atmospheric 186 

Sounding Processing Environment (ASPEN) software (Young et al. 2014). None of the HS3 187 

observations were assimilated in the ensemble forecast analyzed in this study, as they were not 188 

available at the time of initialization. 189 

 Eight flights from two NOAA P-3 and a G-IV aircraft were also performed throughout 190 

Edouard’s lifetime between 12 and 17 September as part of the NOAA Intensity Forecasting 191 

Experiment (IFEX; Rogers et al. 2013a). This study utilizes data collected by the TDR to analyze 192 

Edouard’s wind field and overall structure; dropsondes deployed by the P-3 and G-IV are not 193 

utilized to examine the inner-core temperature structure because of the P-3’s significantly lower 194 

deployment altitude and the G-IV’s focus on the sampling of the TC’s environment. 195 

3. Results and Discussion 196 

3.1 PSU WRF-EnKF ensemble track and intensity evolution 197 

 As the primary goal of this study is to examine the evolution of the inner-core 198 

temperature structure of Edouard throughout the period of significant intensification, the 126-h 199 

forecast chosen for analysis encompasses the TC’s designation as a tropical depression through 200 

peak intensity (1200 UTC 11 September–1800 UTC 16 September). This ensemble is identical to 201 

that investigated extensively in Munsell et al. (2017), which examined the predictability and 202 

dynamics associated with the variability in RI-onset times within the ensemble. This ensemble 203 

was also used to study various other aspects of the dynamics and predictability of Edouard (Tang 204 
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and Zhang 2016; Tang et al. 2017; Melhauser et al. 2017; Fang et al. 2017). Figure 1a shows the 205 

National Hurricane Center’s (NHC) Best Track for Hurricane Edouard, as well as the 206 

deterministic (APSU) and ensemble members for the PSU WRF-EnKF forecast, while Figs. 1b 207 

and 1c present the corresponding evolution of the minimum sea level pressure (SLP; in hPa) and 208 

maximum 10-m wind speed (in kt). Overall, the deterministic track and intensity forecast closely 209 

follows that of the Best Track, and a substantial number of members (~25) predict an RI-onset 210 

time and rate of intensification comparable to the Best Track. A majority of the remaining 211 

members intensify at a similar rate as the Best Track; however, variability of up to 48–60 h in the 212 

timing of RI onset is present, with some members not intensifying at all in the 126-h forecast. 213 

 As in past ensemble sensitivity studies (e.g. Munsell et al. 2013, 2015, 2017; Munsell and 214 

Zhang 2014; Rios-Berrios et al. 2015), 10-member composite groups are created according to 215 

their timing of intensification to examine the variability of the development of the inner-core 216 

temperature structure. These composite groups are identical to those in Munsell et al. (2017): 217 

GOOD contains members whose RI-onset times are approximately that of the Best Track (1200 218 

UTC 14 September, or 72 h), GOOD_EARLY (GOOD_LATE) members undergo RI 24 h prior 219 

to (after) Best Track RI, and POOR members do not intensify substantially in the 126-h 220 

simulation window. To encompass the entirety of Edouard’s peak intensity and the HS3 flight on 221 

16–17 September (as indicated on Figs. 1b and 1c), the 40 members that comprise these 222 

composite groups have been extended to 1200 UTC 18 September, and the resulting 168-h 223 

forecasts of track, minimum SLP, and maximum 10-m wind speed are plotted on Fig. 1. Towards 224 

the end of this new simulation window, the members of the developing composites have begun 225 

to weaken (although not as significantly as in the Best Track) as Edouard turns towards the 226 

northeast and into less favorable environmental conditions. However, the slower and more 227 
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westward positions of the POOR members lead to some intensification after 144 h. Much of the 228 

analysis in this study of the ensemble variability of the inner-core temperature structure 229 

evolution utilizes these composite groups, and the forecasts of the remaining 20 ensemble 230 

members (Other in Fig. 1) were not extended. Though the evolution of the majority (15) of the 231 

“Other” members resembles that of the GOOD members, the cumulative root-mean square 232 

intensity errors are larger than in the GOOD members. The remaining 5 “Other” members do not 233 

significantly intensify, as in POOR. 234 

3.2 Comparison of PSU WRF-EnKF wind field to observations 235 

Before analyzing the observed and modeled inner-core temperature structure of Edouard 236 

in greater detail, it is useful to compare the observed horizontal and tangential wind fields to the 237 

ensemble since the structure of the tangential winds is closely related to the inner-core 238 

temperature structure through thermal wind balance. Figures 2 and 3 show storm-centered 239 

horizontal cross sections of composite 2-km wind speed and azimuthally-averaged vertical cross-240 

sections of tangential wind collected by the TDRs on the two NOAA P-3 aircraft on 14, 15, and 241 

16 September (Figs. 2a-c and 3a-c; flight times indicated on Figs. 1b and 1c), and the 242 

corresponding GOOD (Figs. 2d-f and 3d-f) and GOOD_LATE (Figs. 2g-i and 3g-i) composites 243 

from the WRF-EnKF forecast. For the TDR data, NOAA’s Hurricane Research Division (HRD) 244 

performs a three-dimensional analysis of the Cartesian horizontal and vertical velocities by using 245 

the automated technique of Gamache et al. (2004). These 5-km analyses have been composited 246 

across the various legs of each ~3-h flight pattern. The observational composites in Fig. 2 are 247 

somewhat comparable to those in Rogers et al. (2016) as they utilize the same P-3 data; however, 248 

Rogers et al. (2016) uses a finer grid spacing of 2-km and their composites are storm-relative, 249 
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while the Fig. 2 composites are ground-relative. The 2-km winds as measured by the dropsondes 250 

deployed during the third HS3 flight (16–17 September) are also indicated on Fig. 2c. 251 

 The 14 September P3 flight occurred near the beginning of Edouard’s intensification 252 

from a tropical storm to a strong category-2 hurricane. The P3 data (Fig. 2a) show that Edouard 253 

was somewhat asymmetric at this time, with the maximum 2-km winds of ~40 m s-1 located to 254 

the north of the surface center. The surface radius of maximum winds (RMW) was ~25 km, 255 

while 30 m s-1 winds extended upwards through a height of ~8 km in this region (Fig. 3a). The 256 

GOOD composite at this time (Fig. 2d) simulates most of the same characteristics, though the 257 

simulated vortex is slightly more asymmetric with the maximum 2-km winds (~36 m s-1) located 258 

northeast of the surface center. In addition, the GOOD composite vortex has a larger RMW of 259 

~40 km, and the vortex is slightly weaker and shallower with 30 m s-1 wind up to only ~5 km 260 

(Fig. 3d). It is evident in the composites from 15 September that the period of intensification was 261 

well underway, as both the P3 data (Figs. 2b and 3b) and the GOOD composite (Figs. 2e and 3e) 262 

have maximum 2-km winds of ~55 m s-1, near-surface winds of ~48 m s-1, an expanded RMW 263 

(~40 km) that noticeably slopes outward with height, and a deep vertical extent of 30 m s-1 winds 264 

(~10–11 km).  265 

Despite general agreement between the P3 data and the GOOD composites on 14 and 15 266 

September, the composites are markedly different from the radar analyses on 16 September. The 267 

P3 data and the dropsondes deployed during the 16–17 September HS3 flight (Fig. 2c) indicate 268 

that the vortex at 2 km weakened to ~45 m s-1, with the strongest winds located to the southeast 269 

of the surface center. A secondary wind maximum is also apparent in the observations ~50 km 270 

east of the center, as an ERC was occurring throughout these flights. However, the GOOD 271 

composite (Fig. 2f) shows a stronger (~60 m s-1) and more symmetric vortex with no evidence of 272 
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a secondary wind maximum. The vertical cross section of P3 tangential wind data (Fig. 3c) 273 

indicates that Edouard’s near-surface winds (~0.5 km) decreased somewhat to ~44 m s-1, and the 274 

RMW contracted to 30 km and became more upright with height. Conversely, the near-surface 275 

winds of the GOOD composite vortex are significantly stronger (upwards of 60 m s-1), the RMW 276 

remains at 40 km, and the outward slope of the RMW has increased (Fig. 3f).  277 

Though there is considerable disagreement between the observed and simulated 278 

composites on 16-17 September, the simulation results can still provide useful insights at this 279 

time. The disagreement results from the failure of some GOOD members to capture an ERC and 280 

also a tendency of GOOD to decay at a slower rate than observed. The GOOD_LATE 281 

composites at this time are in better agreement with the observed composites, as the minimum 282 

SLP (Fig. 1b), horizontal 2-km winds (Fig. 2i), 0.5-km tangential winds, and the RMW (Fig. 3i) 283 

are comparable. However, due to their later RI onsets, the GOOD_LATE members reach their 284 

peak intensities just prior to this time. Despite the lack of any secondary wind maxima in the 285 

composites, a closer examination of the evolution of the 1-km tangential winds and vertical 286 

velocities reveals that a majority (14 out of 20) of the GOOD and GOOD_LATE members show 287 

evidence of an ERC (not shown). Therefore, although neither the GOOD nor GOOD_LATE 288 

members simulate the exact structural evolution of Edouard, both composite groups are able to 289 

accurately capture RI, and many members replicate the ERC in the decay phase. This allows for 290 

reasonable comparisons to the observed inner-core temperature structure. 291 

3.3 Analysis of the observed warm core 292 

 The inner-core temperature structure of Edouard was only sufficiently sampled for 293 

further analysis throughout the 16–17 September flight, when Edouard was a strong category 2 294 

storm. During this period, 87 dropsondes were deployed, with 21 of them passing within 50 km 295 
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of the surface center2 at some point during their descent. The positions of these inner-core 296 

dropsondes, color-coded by distance from Edouard’s surface center, are shown in Fig. 4a. It 297 

should be noted that only 6 of these dropsondes are confined to within 20 km of Edouard’s 298 

surface center throughout descent, which can lead to an underestimation of the magnitude of the 299 

inner-core perturbation temperature. 300 

 The vertical profiles of wind speed as measured by the 16–17 September inner-core 301 

dropsondes are shown in Fig. 4b. About one-third of the inner-core dropsondes have wind speeds 302 

less than 20 m s-1 throughout their vertical profile, indicating that these dropsondes likely 303 

remained within the eye of Edouard for the majority of their descent. Vertical profiles of 304 

equivalent potential temperature (θe in K; Fig. 4c) confirm that these inner-core dropsondes 305 

primarily remained within Edouard’s eye, as higher values of θe are present throughout the 306 

profiles, peaking at 370–375 K near the surface. The remainder of the inner-core dropsondes 307 

measured wind speeds in excess of 30–45 m s-1, particularly at low-levels, and therefore likely 308 

sampled at least part of Edouard’s eyewall. These dropsondes also have cooler θe profiles 309 

throughout most of the troposphere, again suggesting that they remained mostly in the eyewall 310 

throughout descent. 311 

 In order to calculate vertical profiles of perturbation temperature, a reference profile must 312 

first be selected. Stern and Nolan (2012) extensively discussed the various choices of reference 313 

profile; most observational and modeling studies either use a mean climatological sounding, such 314 

as the Jordan (1958) or the Dunion (2011) moist tropical sounding, or a near-storm 315 

environmental profile calculated using available observational or numerical data within a 316 

                                                        
2 The estimated storm centers are obtained from S-HIS data collected during the 9 eye 
overpasses that the Global Hawk executed during the 16–17 September flight. These center 
fixes were subsequently interpolated to 2-min intervals, and the appropriate center was 
chosen based on the time that the dropsonde was deployed. 



 14 

specified range of distance from the surface center of the TC of interest. Durden (2013) explored 317 

the impacts of using a mean climatological (Dunion) versus a near-storm environmental 318 

reference profile and found that the resulting perturbation temperature structures were at higher 319 

altitudes and had larger magnitudes in perturbation temperature when a climatological sounding, 320 

such as Dunion (2011), was used. The Hurricane Earl perturbation temperatures calculated by 321 

Stern and Zhang (2016), in which comparisons were also made for multiple reference profiles 322 

(the Dunion sounding versus environmental profiles), were consistent with the Durden (2013) 323 

results. Therefore, this study utilizes an environmental profile as in Stern and Zhang (2016), in 324 

which the reference profile is calculated from either observations or numerical data between 300 325 

and 700 km from Edouard’s surface center. 326 

 Given this near-storm environmental reference profile, the resulting perturbation 327 

temperatures as measured by the inner-core dropsondes deployed throughout the 16–17 328 

September HS3 flight are shown in Fig. 4d. From these profiles (again color-coded by the 329 

distance from Edouard’s surface center), it is clear that the perturbation temperature magnitudes 330 

noticeably increase inwards. In addition, there appear to be two distinct shapes of perturbation 331 

temperature profiles that also have a dependence on distance. Most of the dropsondes that were 332 

deployed closer to Edouard’s surface center (within 20-km of the surface center; Fig. 5) have two 333 

distinct perturbation temperature maxima, one between 4 and 6 km and the other between 7 and 334 

9 km (Figs. 5a, 5c, and 5f). Both of these near-center perturbation temperature maxima are of 335 

similar strength, ~10–12 K. A few of these dropsondes also have a third maxima of similar 336 

strength near ~10 km (Figs. 5e and 5g). However, the majority of the dropsondes closer to 337 

Edouard’s RMW (~30 km) have only one maximum in perturbation temperature, predominantly 338 

between heights of 7 and 9 km. Furthermore, this single perturbation temperature maximum (~7–339 
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9 K) is weaker than the perturbation temperature maxima that are closer to the surface center, 340 

consistent with Zawislak et al. (2016). Regardless of distance from the TC surface center, nearly 341 

all inner-core dropsondes measure decreasing perturbation temperatures above 10 km, and there 342 

is no evidence of upper-tropospheric maxima in perturbation temperature through heights of 18 343 

km. 344 

 In addition to the dropsondes released on 16–17 September, additional observations of 345 

Edouard’s inner-core temperature structure were obtained from the airborne S-HIS and the 346 

spaceborne Advanced Microwave Sounding Unit (AMSU-A). Figure 6 shows a radius-height 347 

cross section of the azimuthally averaged composite inner-core perturbation temperature for 348 

Edouard for these observational sources and the GOOD_LATE members from the WRF-EnKF 349 

ensemble. All composites in Fig. 6 are calculated using the GOOD_LATE environmental 350 

reference profile averaged over a 300–700 km annulus centered on the surface center, with the 351 

exception of the AMSU-A data (Fig. 6d). The dropsonde perturbation temperatures discussed 352 

above (Fig. 4) are replotted using the modeled reference profile in Fig. 6b; similar conclusions 353 

can be drawn as from the individual vertical profiles of perturbation temperature (Fig. 4d). Two 354 

perturbation temperature maxima of ~10 K are present in the near center region (between 10 and 355 

20 km), while the third perturbation temperature maxima at a height of ~10 km that was 356 

observed in some of the near center dropsondes also is seen. At and just outside the eyewall 357 

(~40–60 km from the surface center), a single weaker maximum in perturbation temperature is 358 

evident.  359 

The azimuthal-mean perturbation temperature composite for the S-HIS data is shown in 360 

Fig. 6c. It should be noted that the capability of the S-HIS to sample the warm core is limited 361 

since this instrument cannot “see” through clouds. Within the eye region, however, where the 362 
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cloud cover is reduced, a region of relatively strong (~10–11 K) perturbation temperatures is 363 

sampled between heights of 7 and 10 km within radii of up to 25 km. Therefore, the overall 364 

structure of the inner-core temperature appears to be similar between the S-HIS and dropsonde 365 

data for the 16–17 September HS3 flight, with the S-HIS analysis slightly cooler than the 366 

perturbation temperature maxima measured by the dropsondes. 367 

In addition to direct measurements of Edouard’s inner-core temperature structure, 368 

remote-sensing instruments on satellites also have some skill in resolving the warm core of TCs 369 

(Knaff et al. 2004); however, the lack of resolution in both the horizontal (~50 km) and vertical 370 

(6 usable channels) limits them (Stern and Nolan 2009). Figure 6d shows the azimuthal-mean 371 

perturbation temperature composite of Edouard’s inner-core as measured by the AMSU-A multi-372 

channel microwave temperature sounder at 2025 UTC 16 September. The satellite data has been 373 

processed by the University of Wisconsin’s Cooperative Institute for Meteorological Satellite 374 

Studies (UW-CIMSS); the environmental reference profile used to calculate perturbation 375 

temperatures is created from temperature retrievals at various points around the TC that are ~500 376 

km from the surface center. The composite perturbation temperature structure reveals two 377 

distinct maxima in perturbation temperature, one slightly higher in the atmosphere (~9–11 km) 378 

than in either the dropsonde or S-HIS data, and one significantly lower in the atmosphere (near 379 

the surface). In addition, the magnitudes of these maxima are much weaker (~4 K for the upper 380 

maximum and ~6 K for the near-surface maximum). This incongruent inner-core perturbation 381 

temperature structure almost certainly results from the lack of horizontal and vertical resolution 382 

in the AMSU-A data; the 6 channels (4–9) utilized to construct this composite perform 383 

temperature retrievals at horizontal resolution of 48 km at nadir and have weighting functions 384 

that are maximized at heights of ~1, 5, 10, 12, 15, and 17.5 km, respectively. Based on this 385 
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composite, it is clear that the AMSU-A temperature retrievals are inadequate for observing the 386 

inner-core temperature structure of Edouard. 387 

3.4 Analysis of the simulated warm core: Comparison to observations 388 

Although both the horizontal and tangential wind composite comparisons between the P3 389 

data and the WRF-EnKF ensemble were mostly favorable (Figs. 2 and 3), Edouard’s simulated 390 

inner-core temperature structure should also be verified before more in-depth analysis is 391 

performed. Figure 6a shows the azimuthal-mean vertical cross section of perturbation 392 

temperature for the GOOD_LATE members at 0000 UTC 17 September, which coincides with 393 

the approximate midpoint of the 16–17 September HS3 flight. The height of the maximum 394 

perturbation temperature in the eye region in the GOOD_LATE composite is ~6 km, which 395 

agrees fairly well with the height of the lowest perturbation temperature maximum in the 396 

dropsondes. However, unlike in the innermost dropsondes, there is only one distinct maximum in 397 

perturbation temperature in the eye, the radial extent of this maximum (perturbations of at least 8 398 

K) is only ~30 km, and the vertical extent of these perturbations is confined to below 9 km.  399 

The overall vertical structure of composite GOOD_LATE inner-core temperature is 400 

somewhat consistent with the dropsonde data, as the region of the most significant perturbation 401 

temperatures (at least 7 K) extends upwards from a height of ~4 km and the strength of the 402 

maximum in temperature perturbation is ~10–12 K in both composites (Figs. 6a and 6b). To 403 

more quantitatively compare the inner-core temperature structure of GOOD_LATE and the 404 

dropsondes, perturbation temperatures averaged within a 50-km radius and over various altitude 405 

ranges are calculated throughout the period of the HS3 flight (Figs. 7a–7c). At the beginning of 406 

the HS3 flight (~1500 UTC 16 September; 123 h), the observed inner-core perturbation 407 

temperatures were warmer (~4 K) than in the GOOD_LATE composite in all three layers. 408 
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However, by 6 h into the flight (~2100 UTC 16 September; 129 h) as Edouard began to weaken, 409 

the dropsondes and the GOOD_LATE members are in better agreement (primarily within a 410 

standard deviation of each other) and remain so for the remainder of the flight, with layer-411 

averaged inner-core perturbation temperatures of ~6–7 K in the low- to mid-levels (4–6 km) and 412 

~7–9 K in the mid- to upper-levels (6–8 km and 8–10 km).  413 

A scatterplot of the height of the temperature maximum as a function of radius for 414 

dropsondes and the GOOD_LATE composite (Fig. 7d) expands upon the comparisons of the 415 

strength of the maximum inner-core perturbation temperature in the selected layers. The 416 

maximum perturbation temperature in the GOOD_LATE composite within a 10-km radius is 417 

~10 K at a height of 6 km, while the dropsondes measured a slightly stronger and higher 418 

maximum perturbation temperature (~11–12 K at a height of ~8 km). The height of the 419 

temperature maximum increases with radius, while the strength decreases in both the dropsondes 420 

and the GOOD_LATE composite. Although the temperature-maxima heights are in agreement 421 

between the two datasets at all radii outwards of 10 km, the GOOD_LATE perturbation 422 

temperature maxima are ~2–3 K cooler than those measured by the dropsondes. Despite some 423 

minor discrepancies, the available observations of Edouard’s inner-core temperature structure 424 

obtained throughout the 16–17 September HS3 flight compare favorably with the GOOD_LATE 425 

composite, which allows for additional analysis of the development of the warm core within the 426 

WRF-EnKF ensemble. 427 

3.5 Analysis of the simulated warm core: Relationship to RI 428 

 The 10-member composite groups from the WRF-EnKF ensemble are now utilized to 429 

explore the relationship between Edouard’s inner-core temperature structure and RI-onset time. 430 

Figure 8 shows radius-height cross sections of azimuthal-mean perturbation temperature for the 431 
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GOOD_EARLY (Fig. 8a), GOOD (Fig. 8b), GOOD_LATE (Fig. 8c), and POOR (Fig. 8d) 432 

composite groups at 0000 UTC 17 September (132 h), which coincides with the midpoint of the 433 

HS3 flight just after Edouard’s peak intensity. GOOD_EARLY and GOOD members had 434 

respectively completed their intensification about 24 and 12 hours before this time, and the two 435 

composites have fairly similar perturbation temperature structures. A distinct and relatively 436 

strong maximum in perturbation temperature of ~10 K is present in the mid-levels in both 437 

composites, although this maximum is slightly higher (~7 km rather than ~6 km), and the radial 438 

extent of the 10 K contour is slightly larger in GOOD_EARLY (~20 km rather than ~10 km).  439 

As the other composites differ in evolutionary stages, more discrepancy exists in their 440 

inner-core temperature structures at this time. At 132 h, the GOOD_LATE members have just 441 

reached their peak intensities but are ~15 kts weaker than the GOOD_EARLY or GOOD 442 

members at their peak intensities (Fig. 1c). This difference is reflected in the perturbation 443 

temperature structures; the magnitude of the warm core is ~1.5 K cooler in GOOD_LATE, and 444 

the region of most significant perturbation temperature (at least ~8 K) does not extend upwards 445 

as high (~8.5 km as opposed to ~10.5 km). In addition, the warming is not as deep, as 446 

perturbation temperatures exceeding 4 K do not extend above 12 km (Fig. 8c). Finally, although 447 

some of the POOR members begin to intensify towards the end of the 7-day simulation window, 448 

these late-developing members have only just begun intensification at 132 h, and a developing 449 

warm core at ~7 km of ~4 K is present (Fig. 8d). 450 

Additional insight on warm-core evolution can be derived from the availability of WRF-451 

EnKF ensemble output across the simulation window. Figure 9 shows the 7-day evolution of the 452 

inner-core area-averaged (within a radius of 25-km) perturbation temperature vertical structure 453 

for the four composite groups. For the developing composites (GOOD_EARLY, GOOD, and 454 
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GOOD_LATE), the RI-onset times of the respective composites are also indicated; the POOR 455 

members do not significantly intensify in the simulation window. All composite groups initially 456 

have weak mid-level inner-core perturbation temperatures (< 2 K), as the members are only of 457 

tropical depression or weak tropical storm strength and substantial warming has not yet occurred 458 

throughout the vortex. In the GOOD_EARLY and GOOD composites (Figs. 9a and 9b), some 459 

warming (average perturbation temperatures of ~3 K) is evident ~24 h prior to RI onset in the 460 

low- to mid-levels (~4–6 km). In the GOOD_LATE composite (Fig. 9c), a similar pattern of 461 

warming begins up to 48 h prior to RI onset (~48 h; as in GOOD); however, onset of RI is not 462 

imminent and the moderate warming is confined to below 6 km until just prior to RI (~96 h).  463 

Approximately 3–6 h prior to RI in all three developing composites (Figs. 9a–c), a region 464 

of moderate warming (perturbation temperatures of at most 4 K) extends upwards through 8–10 465 

km. Rapid deep-layer warming occurs as the RI process begins. This signal occurs 466 

approximately in tandem with the intensification process, suggesting that this upper-level 467 

warming is not a trigger of RI; this possibility will be explored in more detail below. As 468 

intensification proceeds in the GOOD_EARLY, GOOD, and GOOD_LATE composites, 469 

warming occurs throughout most of the vortex (~2–10 km) over the first 24 h of RI, with 470 

maximum perturbation temperatures of ~7 K present in the mid-levels (6–8 km).  471 

By 48–72 h after RI onset has begun in the developing composites, the overall maximum 472 

temperature perturbation (~9–11 K) has developed at a height of ~7–8 km. The maximum 473 

temperature perturbation in each of the composites has not only increased in magnitude over 474 

time, but the height of the maximum warming has also steadily increased from ~3–5 km prior to 475 

RI-onset upwards to ~7–8 km after intensification. Throughout this period, as Edouard is steadily 476 

intensifying, warming has become more prevalent throughout the entirety of the vertical column, 477 
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with perturbation temperatures of at least ~4 K approaching 14–16 km in GOOD_EARLY and 478 

GOOD. However, this upper-level warming is likely a consequence of the significant 479 

intensification that Edouard is undergoing throughout this period, as these perturbation 480 

temperatures do not develop at these heights until 24–48 h after RI onset.  481 

Throughout the 7-day simulation window, significant inner-core perturbation 482 

temperatures do not develop in POOR (Fig. 9d), as significant intensification does not occur in 483 

these members. A developing warm core becomes apparent in the last 24 h of the simulation 484 

(144–168 h), as about half of the POOR members begin intensifying (Figs. 1b and 1c). However, 485 

the intensification is in its early stages, and the simulation would need to be further extended to 486 

examine the perturbation temperature structure evolution in more detail. 487 

3.6 Analysis of the simulated warm core: Ensemble composite group variability 488 

 The WRF-EnKF ensemble also allows for the analysis of the variability of the 489 

development of Edouard’s warm core for ensemble members that have a very similar intensity 490 

evolution (e.g. within the composite groups). Figure 10 shows radius-height cross sections of 491 

azimuthal-mean temperature perturbation for 9 randomly chosen members (out of 10 for ease of 492 

presentation) of the GOOD composite group just after peak intensity (0000 UTC 17 September). 493 

The inner-core temperature structures of the individual GOOD members have some broad 494 

similarities to the GOOD composite temperature structure at this time (Fig. 8b). The maximum 495 

inner-core temperature perturbations are located in the mid-levels (primarily ~6 km), while 496 

perturbations of at least 8 K extend ~20 km radially outwards in the vicinity of the maximum.  497 

However, variability in the precise height and strength of the maximum temperature 498 

perturbations across the members is notably present. For example, within the temperature 499 

structures of the 9 members, the height of the maximum perturbation temperature can occur as 500 
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low as 5 km (Figs. 10b, 10e, and 10h) or as high as 9 km (Fig. 10g), while the strength of this 501 

maximum varies from as weak as 9 K (Fig. 10g) to as strong as 12 K (Figs. 10a and 10b). It 502 

should also be noted that none of the members have upper-level (>10 km) perturbation 503 

temperature maxima, as has been seen in numerous previous modeling studies. In addition, at the 504 

height of the perturbation temperature maxima, the radial extent of the most significant warming 505 

does not vary as substantially. However, throughout the profile perturbation temperatures of at 506 

least 7.5 K can at times be confined to within 25 km of the surface center (Fig. 10e), but they can 507 

also extend as much as 40 km outwards (Figs. 10b, 10h, and 10i). 508 

Figure 11 shows the evolution of the area-averaged (within 25 km radius) perturbation 509 

temperature vertical structure for the same 9 randomly chosen GOOD members whose radius-510 

height cross-sections of perturbation temperature are in Fig. 10. The storms in these members 511 

undergo slow, yet steady intensification over the first 72 h before a period of RI begins, 512 

coincident with the Best Track RI onset (Figs. 1b and 1c). Variations in the exact timing of RI 513 

onset across the members of the GOOD composite group are limited to 6 h or less; therefore, the 514 

composite RI-onset time is indicated on all panels in Fig. 11. As in the comparisons between the 515 

radius-height cross sections of perturbation temperature, the evolution of both the composite 516 

(Fig. 9b) and the individual members of GOOD share some general characteristics. Little to no 517 

warming is present over the first 24 h throughout the vertical column, as the members do not 518 

strengthen appreciably over this period. In addition, as RI onset is approached between 24–72 h, 519 

evidence of moderate warming exists in most of the ensemble members (and as a result, in the 520 

composite) in the low-to mid-levels (2–6 km), and stronger perturbation temperatures (at least 8 521 

K) do not develop until 24 h after RI has begun. 522 
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Despite these general similarities in inner-core perturbation temperature development, 523 

variability in the vertical temperature structure evolution is also present amongst the GOOD 524 

composite members. The moderate warming (mostly less than 5 K) that is consistently present in 525 

the GOOD members prior to RI is primarily confined to heights below 6 km but can occur as 526 

high as 8 km (Fig. 11g). In addition, the magnitude of this pre-RI warming can be as weak as 3 K 527 

(Fig. 11c), or as strong as 6.5 K (Fig. 11i). In the 24 h after RI onset, nearly all of the GOOD 528 

members have perturbation temperature structures that steadily increase in magnitude up to 6–8 529 

K while extending upwards with height through 10 km. Over the next 24–48 h, the maxima in 530 

perturbation temperature develop as the members approach their peak intensities and 531 

subsequently begin to decay (Figs. 1b and 1c). However, differences are present in the evolution 532 

of the heights at which the maxima exist. In some of the members, perturbation temperatures of 533 

at least 9 K first appear ~24 h after RI onset at heights between 4–6 km and steadily increase 534 

upwards to ~8 km within ~60 hours after RI onset (Figs. 11b, 11d, and 11f). Other members see 535 

the maxima more abruptly rise to ~8 km about 48 h after RI begins (Figs. 11e and 11g). Finally, 536 

the stronger perturbation temperatures in the majority of the rest of members develop at heights 537 

of 6–8 km and are maintained at this level throughout this period (Figs. 11a, 11c, and 11i).  538 

Factors contributing to the differences in the inner-core temperature structures are next 539 

briefly explored. Comprehensive potential temperature budget analyses performed in Stern and 540 

Zhang (2013a and b) showed that perturbation temperature maxima are typically confined to the 541 

mid-levels due to a secondary maximum in static stability. Meanwhile, the upper-level descent 542 

maximum is coincident with a minimum in static stability, which prevents concentrated warming 543 

at these heights. In addition, in TCs embedded in moderate vertical wind shear environments 544 

(such as Edouard), increased mixing at the eye-eyewall interface is likely. However, strong 545 
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inertial stability of the vortex can allow for parcels to remain in the eye for several days, 546 

influencing the inner-core temperature structure. Following the Stern and Zhang studies, the 547 

evolutions of vertical velocity, static, and inertial stability are examined for a few GOOD 548 

members (not shown). All of these members maximize descent in the upper-levels and have 549 

static stability profiles with secondary maxima in the mid-levels and minima in the upper-levels, 550 

which produce a mid-level warm core. However, variability is present in these evolutions as 551 

well, as larger magnitudes of mid-level static stability tend to be associated with more significant 552 

mid-level perturbation temperature maxima, while stronger and deeper vortices (as indicated by 553 

inertial stability) are typically associated with stronger warm cores. These relationships explain 554 

some of the variability present in the GOOD inner-core temperature structures, though it should 555 

be noted that these variables are only weakly correlated (not shown). 556 

Significant variation in the inner-core perturbation temperature evolution within GOOD 557 

(with the strongest warming occurring well after RI onset) despite very similar intensity 558 

evolutions suggests that changes in the height and strength of the maximum perturbation 559 

temperature are not necessarily associated with TC intensity or subsequent intensity trends. This 560 

hypothesis will be explored quantitatively in the next section. 561 

3.7 Analysis of the simulated warm core: Correlation analyses 562 

 This section uses correlation analyses to quantitatively examine the potential 563 

relationships between the perturbation temperature structure and the TC intensity. Figure 12a 564 

shows the correlation between both the height and the strength of the maxima in perturbation 565 

temperature and the RI-onset times for the 30 members of the developing composite groups. 566 

Both correlations are insignificant over the first 24 h, as no substantial warm core development 567 

or changes in TC intensity occur during this time. Over the next 24 h, a weak to moderate 568 
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correlation between both the height (~0.3) and the strength (~–0.3 to –0.5) of the perturbation 569 

temperature maxima and RI-onset time begins to develop, as the GOOD_EARLY members 570 

approach RI and warming begins to occur in the low-to mid-levels of only these members.  571 

Between 48 and 96 h, relatively strong correlations have developed (~–0.6 to –0.7) 572 

between both the height and strength of the maxima in perturbation temperature and RI onset, 573 

suggesting that stronger and higher perturbation temperature maxima occur in the members 574 

whose RI onsets occur earlier in the simulation. However, much of this signal is simply a result 575 

of the divergent RI onsets rather than a driving factor in RI. Part correlations controlling for 576 

minimum SLP can account for this divergence, as the first-order part correlation between two 577 

variables while controlling for a third variable effectively treats the third as a constant (e.g., 578 

Sippel et al. 2011). Both part correlations controlling for minimum SLP fail to exceed ±0.3, 579 

indicating that essentially no relationship exists between the strength or height of the maximum 580 

perturbation temperature and the subsequent RI-onset time (Fig. 12a).  581 

To examine whether a broader relationship exists between the overall perturbation 582 

temperature structure and RI-onset time in this ensemble, the correlation between the vertically 583 

averaged inner-core (within 25-km of the surface center) perturbation temperature and RI-onset 584 

for the 30 members of the developing composite groups is also calculated (Fig. 12b). As in the 585 

correlations between both the height and the strength of the perturbation temperature maxima, 586 

little to no relationship is present over the first 24 h. However, over the next 24 h, a moderate to 587 

strong (~–0.5 to –0.8) correlation develops as members begin to approach RI-onset, which 588 

remains strong throughout most of the simulation. However, part correlations controlling for 589 

minimum SLP drop to zero by 48 h (Fig. 12b), indicating that essentially all of the relationship 590 

between vertically averaged inner-core perturbation temperature and RI-onset results from the 591 
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divergent ensemble intensities. In addition, by 24 h the correlation between the vertically 592 

averaged inner-core perturbation temperature and the strength of the perturbation temperature 593 

maxima is ~0.9 (Fig. 12b), demonstrating that the behavior of the perturbation temperature 594 

maxima is strongly correlated with the broader vertical structure of the inner-core temperature.  595 

Figure 12c shows the evolution of the correlation between the area-averaged (within 25-596 

km radius) vertical profiles of perturbation temperature magnitude and RI-onset time for the 597 

members of the developing composites. Between 24 and 48 h, a region of weak to moderate 598 

negative correlation (as much as ~–0.6) develops between 2 and 8 km, which is representative of 599 

the moderate warming present in the low-to mid-levels of the composites in the times leading up 600 

to RI (Figs. 9 and 11). Over the next few days of the simulation, as the various composite groups 601 

approach their respective RI-onset times, the correlation grows very significantly throughout 602 

much of the vertical profile. This result indicates that the perturbation temperatures increase in 603 

magnitude according to earlier RI-onset times. However, when the part correlation controlling 604 

for current minimum SLP is calculated (Fig. 12d), the entirety of the significant region of 605 

correlation discussed above vanishes, reinforcing the conclusion that the relationship between the 606 

inner-core perturbation temperature structure and RI onset results from the diverging intensities 607 

in the ensemble. It is therefore unlikely that the evolution of the inner-core temperature structure 608 

could be used as a predictor of RI onset in this ensemble. Cross-correlations between RI onset 609 

time and warm core development confirm this hypothesis, as the majority of the significantly 610 

intensifying members have correlations that peak at lags of 0–6 h after RI onset (not shown). 611 

4. Summary and Conclusions 612 

This study examines the evolution of the inner-core temperature structure of Hurricane 613 

Edouard (2014), primarily through high-altitude dropsondes deployed during the 2014 campaign 614 
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of HS3 and a 60-member WRF-EnKF simulation. This ensemble was originally a 5-day real-615 

time forecast generated by the PSU Atlantic hurricane forecast and analysis system (extended to 616 

7 days in this study), and the resulting ensemble wind field structures have been verified against 617 

Doppler wind analyses obtained by the NOAA P-3 aircraft and HS3 dropsondes. Composite 618 

groups based on differences in RI-onset timing (first defined in Munsell et al. 2017) are utilized 619 

to examine the variability associated with Edouard’s warm core development.  620 

 Throughout the 16–17 September HS3 flight, two distinct perturbation temperature 621 

structures were measured. The profiles of the innermost dropsondes primarily yielded multiple 622 

perturbation temperature maxima of ~10–12 K, centered at 4–6 km and at 7–9 km; some 623 

dropsondes have an additional maximum ~10 km. Meanwhile, the dropsondes farther away from 624 

the surface center observed a single perturbation temperature maxima of ~6–8 K at heights of 625 

~7–9 km. The inner-core perturbation temperature composites of the members of GOOD_LATE, 626 

whose intensities agree with Best Track during the 16–17 September flight, also compare 627 

favorably with the HS3 observations. The height of the maximum perturbation temperature at 628 

Edouard’s peak intensity is slightly lower in GOOD_LATE (~6 km) than observed, and no 629 

evidence of multiple perturbation temperature maxima is present in the innermost region of 630 

Edouard’s eye. However, the overall inner-core temperature structure and the magnitude of the 631 

perturbation temperature maxima are comparable between the model composite and the 632 

observations. 633 

 Given this agreement, the increased temporal frequency of the ensemble output allows 634 

for additional insight into the development of Edouard’s warm core throughout the 635 

intensification period to be obtained. Despite as much as 48–60 h of simulation time between RI 636 

onset in the GOOD_EARLY, GOOD, and GOOD_LATE members, the evolutions of Edouard’s 637 
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inner-core perturbation temperature have many similarities when compared in an RI-onset time-638 

relative framework. All developing composites indicate some moderate warming (~4 K) in the 639 

low-to mid-levels (~2–6 km) ~24–48 h prior to RI, but the most significant warming (> 7 K) is 640 

present higher in the inner-core (~8 km) and does not occur until at least 24 h after RI begins.  641 

 Despite broad similarities in the evolution of the inner-core temperature structure of the 642 

developing composites with respect to RI-onset time, variability is present within the composite 643 

groups. The strength of the maximum inner-core perturbation temperature in the GOOD 644 

members at peak intensity varies by as much as 3 K (magnitudes of ~9–12 K), and the height at 645 

which this maximum occurs can be as low as 5 km or as high as 9 km. In addition, although 646 

moderate low- to mid-level warming is present in nearly all of the members ~24 h prior to RI (as 647 

in the composite), the magnitude of this warming varies by ~3 K. Approximately 24 h after RI 648 

has begun, as stronger inner-core warming begins to occur, the evolution of the height at which 649 

the maximum perturbation temperature occurs differs across the members of GOOD. In 650 

particular, the warm core steadily builds upwards in height in some members, while other 651 

members have perturbation temperature maxima at relatively constant heights. It should be noted 652 

that unlike in the Hurricane Wilma (2005) simulation examined in Chen et al. (2011) and Chen 653 

and Zhang (2013), no evidence of an upper-tropospheric warm core is present in any of the 654 

members prior to RI, and warming at any level never serves as a trigger for RI since the most 655 

significant warming always occurs after RI onset. 656 

 Although mid-level perturbation temperature maxima always develop in the GOOD 657 

members ~24 h after RI onset (primarily due to secondary maxima in static stability at these 658 

levels as thoroughly demonstrated in Stern and Zhang 2013b), the causes of the variability in the 659 

warm core vertical structure within the composite group (whose members have very similar 660 
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intensities) need to be explored further. There is some evidence that variations in the strength of 661 

the inner-core updrafts, the magnitude of mid-level static stability, and the strength and depth of 662 

the intensifying vortex (as measured by inertial stability) can impact the height and strength at 663 

which the maximum warming occurs, although these variables are only weakly correlated.  664 

 To further examine the relationships between inner-core temperature structure and TC 665 

intensity more quantitatively, additional correlation analyses are performed. At times throughout 666 

the simulation window, the correlation between both the strength and height of the perturbation 667 

temperature maxima and RI onset approach moderate to strong values. This is mostly a result of 668 

ensemble divergence and not a causal factor for RI in the ensemble, as illustrated by insignificant 669 

part correlations controlling for current minimum SLP. These results imply that there is little to 670 

no relationship between the strength or height of the maximum perturbation temperature and 671 

subsequent TC intensity changes, consistent with Stern and Zhang (2016) and Komaromi and 672 

Doyle (2016). In addition, the correlation between RI onset and the moderate warming in the 673 

low-to mid-levels that is observed ~24 h prior to RI also becomes insignificant when controlling 674 

for current intensity. This similarly suggests that thermodynamic changes in the inner-core of 675 

Edouard likely occur either in tandem with or after intensification has already commenced and 676 

are therefore not a useful predictor of RI onset in this ensemble. 677 

 The conclusion in this study that inner-core temperature structure is unrelated to future 678 

intensity changes in the Edouard ensemble is similar to conclusions reached by Stern and Zhang 679 

(2016) and Komaromi and Doyle (2016), which used dropsondes and a deterministic simulation 680 

from a single TC (Hurricane Earl 2010) and high-altitude dropsondes from a variety of TCs 681 

sampled during HS3 to demonstrate this same point. In addition, despite very similar intensity 682 

evolutions within the GOOD composite group, considerable variability exists in the exact 683 
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temperature structure of the inner-core as significant differences are present in the precise height 684 

and strength of the perturbation temperature maxima. Therefore, the intensity of the TC does not 685 

dictate the exact details of the vertical profile of inner-core temperature structure. 686 
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Figure Captions 877 
 878 
Figure 1. A comparison of the NHC Best Track with deterministic and ensemble forecasts of (a) 879 
track, (b) minimum sea level pressure (SLP; hPa) and (c) maximum 10-m wind speed (kt) for the 880 
1200 UTC 11 September 2014 initialization of Hurricane Edouard from the PSU WRF-EnKF 881 
system. Members are placed in composite groups of 10 according to their RI-onset time (GOOD; 882 
blue, GOOD_EARLY; green, GOOD_LATE; magenta, and POOR; red) and have been extended 883 
to 7-day forecasts (the operational real-time system only produces 126-h forecasts). The 884 
composite means (thick; positions marked every 12 h in (a)), the NHC Best Track (black; 885 
positions marked every 12 h in (a)), and the 5-day APSU deterministic forecast (orange) are also 886 
plotted. The remaining ensemble members not classified in composite groups (Other; cyan) 887 
remain as 5-day forecasts. Sea surface temperatures (constant throughout simulation) are 888 
contoured (filled every 1 K starting at 288 K) in (a). The times that the NOAA P-3 (gray 889 
markers) and the 16–17 September flight of NASA’s Global Hawk (dark gray markers) sampled 890 
Edouard are shown in the top of (b) and (c). 891 
 892 
Figure 2. Storm-centered horizontal cross sections of composite 2-km wind speed (ground-893 
relative; contours filled every 2 m s-1) for NOAA P-3 flights in Edouard (top row), GOOD 894 
(middle row), and GOOD_LATE (bottom row) at approximately (a,d,g) 1500 UTC 14 895 
September 2014 (75 h), (b,e,h) 1500 UTC 15 September 2014 (99 h), and (c,f,i) 1800 UTC 16 896 
September 2014 (126 h). The 2-km wind speed as measured by the AVAPS dropsondes 897 
deployed between 1500 UTC 16 September 2014 and 0900 UTC 17 September 2014 (123–141 898 
h) during the HS3 Global Hawk flight are indicated on (c). 899 
 900 
Figure 3. As in Fig. 2, but for azimuthally averaged vertical cross sections of composite 901 
tangential winds (contours filled every 2 m s-1). 902 
 903 
Figure 4. Vertical profiles from the inner-core (within 50-km of the surface center) AVAPS 904 
dropsondes of the (a) distance from Edouard’s surface center (km), (b) winds (m s-1), (c) 905 
equivalent potential temperature (K), and (d) perturbation temperature (K) with respect to the 906 
mean environmental reference profile calculated from the temperatures measured by the 907 
dropsondes deployed between 300-km and 700-km from Edouard’s surface center during the 16–908 
17 September HS3 Global Hawk flight. All profiles are colored (every 5-km from 0 to 50-km) 909 
according to the mean distance from Edouard’s surface center that the dropsonde traveled. 910 
 911 
Figure 5. As in Fig. 4d, but only for the dropsondes deployed within 20-km of Edouard’s surface 912 
center. The seven dropsondes fell within (a) 1 km, (b) 4 km, (c), 7 km, (d), 10 km, (e) 14 km, (f), 913 
15 km, and (g) 18 km throughout the 16–17 September HS3 Global Hawk flight. 914 
 915 
Figure 6. Radius-height cross section of azimuthal-mean perturbation temperature (K; contours 916 
filled every 0.5 K) for the (a) GOOD_LATE composite at 0000 UTC 17 September 2014, (b) the 917 
inner-core AVAPS dropsondes deployed during the 16–17 September 2014 HS3 Global Hawk 918 
flight, (c) the S-HIS data from the same HS3 flight, and (d) CIMSS-processed AMSU-A data 919 
from 2025 UTC 16 September 2014. The azimuthal-mean temperature between 300- to 700-km 920 
from the surface center of the GOOD_LATE composite is used as a reference profile in (a)-(c), 921 
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while (d) utilizes temperature retrievals averaged at various points ~500 km from the TC surface 922 
center. 923 
 924 
Figure 7. AVAPS dropsonde (red; binned every 3 h) and GOOD_LATE composite (blue) inner-925 
core (within 50-km from Edouard’s surface center) perturbation temperature (K) evolutions for 926 
the times in which the dropsondes were deployed (1500 UTC 16 September 2014–0900 UTC 17 927 
September 2014; 123–141 h) for various layer-averaged altitude ranges: (a) 4–6-km, (b) 6–8-km, 928 
and (c) 8–10-km. Azimuthal-mean temperature averaged over a 300- to 700-km radius from 929 
Edouard’s surface center is again used as a reference profile. The shaded regions in (a), (b), and 930 
(c) show +/– 1 standard deviation from the mean. (d) Scatterplot of the height of the maximum 931 
perturbation temperature (300–700-km environmental temperature reference profile; filled 932 
markers every 0.5 K) by radius for the inner-core AVAPS dropsondes (circles) and the 933 
GOOD_LATE composite (squares). 934 
 935 
Figure 8. As in Fig. 6, but for the (a) GOOD_EARLY, (b) GOOD, (c), GOOD_LATE, and (d) 936 
POOR composites at 0000 UTC 17 September 2014. 937 
 938 
Figure 9. Evolution of the area-averaged (within 25-km of the surface center) perturbation 939 
temperature vertical structure (contours filled every 0.5 K) for the (a) GOOD_EARLY, (b) 940 
GOOD, (c) GOOD_LATE, and (d) POOR composites. The dashed black line in (a), (b), and (c) 941 
corresponds to the RI-onset time of each respective composite group; RI onset does not occur in 942 
the POOR composite. 943 
 944 
Figure 10. As in Fig. 6, but for 9 (randomly chosen) of the 10 members of the GOOD composite 945 
group at 0000 UTC 17 September 2014. 946 
 947 
Figure 11. As in Fig. 9, but for 9 (as in Fig. 10) of the 10 members of the GOOD composite 948 
group. Black dashed lines indicate the mean RI-onset time of GOOD. 949 
 950 
Figure 12. (a) Evolution of the correlation (solid) and part correlation controlling for minimum 951 
SLP (dashed) between the RI times of the 30 developing composite group members and both the 952 
height (purple) and the strength of the maximum perturbation temperature (orange). (b) As in (a), 953 
but for the vertically averaged inner-core (within 25-km of the surface center) perturbation 954 
temperature (magenta). Correlation between the vertically averaged inner-core perturbation 955 
temperature and the strength of the maximum perturbation temperature is also plotted (dark 956 
blue). (c) Time-height correlation between the strength of the maximum perturbation temperature 957 
and the RI-onset time of the 30 members of the developing composite groups. (d) As in (c), but 958 
for the part correlation controlling for the current intensity (minimum SLP). 959 
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Figure 2. Storm-centered horizontal cross sections of composite 2-km wind speed 
(ground-relative; contours filled every 2 m s-1) for NOAA P-3 flights in Edouard (top 
row), GOOD (middle row), and GOOD_LATE (bottom row) at approximately (a,d,g) 
1500 UTC 14 September 2014 (75 h), (b,e,h) 1500 UTC 15 September 2014 (99 h), and 
(c,f,i) 1800 UTC 16 September 2014 (126 h). The 2-km wind speed as measured by the 
AVAPS dropsondes deployed between 1500 UTC 16 September 2014 and 0900 UTC 17 
September 2014 (123–141 h) during the HS3 Global Hawk flight are indicated on (c). 
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Figure 3. As in Fig. 2, but for azimuthally averaged vertical cross sections of composite 
tangential winds (contours filled every 2 m s-1). 
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Figure 4. Vertical profiles from the inner-core (within 50-km of the surface center) 
AVAPS dropsondes of the (a) distance from Edouard’s surface center (km), (b) winds (m 
s-1), (c) equivalent potential temperature (K), and (d) perturbation temperature (K) with 
respect to the mean environmental reference profile calculated from the temperatures 
measured by the dropsondes deployed between 300-km and 700-km from Edouard’s 
surface center during the 16–17 September HS3 Global Hawk flight. All profiles are 
colored (every 5-km from 0 to 50-km) according to the mean distance from Edouard’s 
surface center that the dropsonde traveled. 
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Figure 5. As in Fig. 4d, but only for the dropsondes deployed within 20-km of Edouard’s 
surface center. The seven dropsondes fell within (a) 1 km, (b) 4 km, (c), 7 km, (d), 10 
km, (e) 14 km, (f), 15 km, and (g) 18 km throughout the 16–17 September HS3 Global 
Hawk flight.  
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Figure 6. Radius-height cross section of azimuthal-mean perturbation temperature (K; 
contours filled every 0.5 K) for the (a) GOOD_LATE composite at 0000 UTC 17 
September 2014, (b) the inner-core AVAPS dropsondes deployed during the 16–17 
September 2014 HS3 Global Hawk flight, (c) the S-HIS data from the same HS3 flight, 
and (d) CIMSS-processed AMSU-A data from 2025 UTC 16 September 2014. The 
azimuthal-mean temperature between 300- to 700-km from the surface center of the 
GOOD_LATE composite is used as a reference profile in (a)-(c), while (d) utilizes 
temperature retrievals averaged at various points ~500 km from the TC surface center.  
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Figure 7. AVAPS dropsonde (red; binned every 3 h) and GOOD_LATE composite (blue) 
inner-core (within 50-km from Edouard’s surface center) perturbation temperature (K) 
evolutions for the times in which the dropsondes were deployed (1500 UTC 16 
September 2014–0900 UTC 17 September 2014; 123–141 h) for various layer-averaged 
altitude ranges: (a) 4–6-km, (b) 6–8-km, and (c) 8–10-km. Azimuthal-mean temperature 
averaged over a 300- to 700-km radius from Edouard’s surface center is again used as a 
reference profile. The shaded regions in (a), (b), and (c) show +/– 1 standard deviation 
from the mean. (d) Scatterplot of the height of the maximum perturbation temperature 
(300–700-km environmental temperature reference profile; filled markers every 0.5 K) 
by radius for the inner-core AVAPS dropsondes (circles) and the GOOD_LATE 
composite (squares).  
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Figure 8. As in Fig. 6, but for the (a) GOOD_EARLY, (b) GOOD, (c), GOOD_LATE, 
and (d) POOR composites at 0000 UTC 17 September 2014.  
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Figure 9. Evolution of the area-averaged (within 25-km of the surface center) 
perturbation temperature vertical structure (contours filled every 0.5 K) for the (a) 
GOOD_EARLY, (b) GOOD, (c) GOOD_LATE, and (d) POOR composites. The dashed 
black line in (a), (b), and (c) corresponds to the RI-onset time of each respective 
composite group; RI onset does not occur in the POOR composite.  
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Figure 10. As in Fig. 6, but for 9 (randomly chosen) of the 10 members of the GOOD 
composite group at 0000 UTC 17 September 2014.  
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Figure 11. As in Fig. 9, but for 9 (as in Fig. 10) of the 10 members of the GOOD 
composite group. Black dashed lines indicate the mean RI-onset time of GOOD.  
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Figure 12. (a) Evolution of the correlation (solid) and part correlation controlling for 
minimum SLP (dashed) between the RI times of the 30 developing composite group 
members and both the height (purple) and the strength of the maximum perturbation 
temperature (orange). (b) As in (a), but for the vertically averaged inner-core (within 25-
km of the surface center) perturbation temperature (magenta). Correlation between the 
vertically averaged inner-core perturbation temperature and the strength of the maximum 
perturbation temperature is also plotted (dark blue). (c) Time-height correlation between 
the strength of the maximum perturbation temperature and the RI-onset time of the 30 
members of the developing composite groups. (d) As in (c), but for the part correlation 
controlling for the current intensity (minimum SLP). 
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