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Abstract: 

 

     The past four years have witnessed considerable scientific progress in the area of 

internal influences on tropical cyclone (TC) intensity change. Observational studies of 

satellite-sensed cloud and precipitation features, as well as new analyses of lightning 

data, have improved understanding of the convective morphology before and during RI, 

particularly with regard to the degree of axisymmetry, the importance of shallow 

convection around the center, and the radial and azimuthal distribution and evolution of 

convective bursts and hot towers prior to and during RI. Numerical simulations have 

increased appreciation of the probabilistic nature of RI processes. The impacts of 

secondary eyewall formation (SEF) and eyewall replacement cycles (ERCs) on intensity 

change have become better understood through an expanded climatology of ERCs and 

the different wind-pressure-relationships that occur in intense and less intense TCs. 

Improved understanding of the ERC climatology has translated into better operational 

forecasts of ERC-induced intensity changes. With regard to rainbands and intensity 

change, recent observational work has shown that outer rainband lightning is positively 

correlated with subsequent 24-h TC intensity change. Idealized numerical simulations 

have demonstrated that convective heating in the inner rainband region generally 

promotes intensification, while evaporative cooling in inner rainbands tends to hinder TC 

intensification.  
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     Numerical studies on the impacts of inner core instability processes have expanded 

from 2D barotropic frameworks to more realistic 3D frameworks that include moisture 

and parameterized mass sinks. Results from simulations in more realistic frameworks 

show that instability processes may cause intensification under certain assumptions, 

although considerable uncertainties remain, particularly as to the role of the secondary 

circulation in either preventing relaxation of the vortex to a monopole (or how quickly it 

might restore the vortex back to an annular state) and as to the effects of moist 

convective processes on instability. Advances in modeling and observations of surface 

fluxes have improved our understanding of the relationships between TC intensification 

and the drag and enthalpy coefficients, as well with the sea surface temperature 

response.  

 

     The mechanisms by which TCs intensify has been an area of considerable research, 

resulting in refinements to existing frameworks for understanding TC intensification (e.g., 

the rotating-convection framework). Vigorous debate has recently occurred as to the 

suitability of using balanced frameworks to understand intensification, whether or not 

WISHE is an essential part of TC intensification, and the exact role of the boundary layer 

in TC spin-up. This report also includes several new topics that have recently emerged, 

such as the role of TC outflow, the role of vortex structure on a TC’s IR, and a new theory 

for what sets the fastest rate at which TCs may intensify.  

 

3.1.1 Introduction 

     The goal of this Rapporteur Report is to summarize the research progress on internal 

influences of tropical cyclone (TC) intensity change since IWTC-VIII. Intensity change is a 

broad topic that does not lend itself to artificial delineation between “internal processes” 

(this report, Topic 3.1) and “external influences” (Topic 3.2). Indeed, close connections 

exist between TC intensity change and several other topics in IWTC-IX, such as TC 

structure analysis and change (Topic 4), secondary eyewall formation and the expansion 

of the wind field (Topic 4.1), and operational perspectives on intensity change (Topic 

3.3). Naturally, there will be some overlap between the Rapporteur reports. At the 

possible expense of some duplication between reports, we have preferred to avoid letting 

any studies remain uncovered.  

 

     The past four years has witnessed a considerable increase in research activity on 

internal processes of intensity change. Whereas the previous IWTC-VIII Rapporteur 

Report for this subtopic (Stern et al. 2014) contained references to 77 new studies since 

the previous IWTC report, the current report contains 183 references to new studies. To 

identify the publications on this topic that have been published since 2014, our Working 

Group (WG) followed a rigorous process to screen a list of papers compiled from Web of 

Science. The list was compiled by Maggie Lien (see acknowledgments) by searching for 

all papers that contained one of the following TC-related terms in either the paper’s title 

or topic: “tropical cyclone”, “hurricane”, and “typhoon” (and their plurals). To further 

narrow the scope of papers to be screened, a further criterion was added by requiring 

that papers be from the “Meteorological and Atmospheric Science” discipline. The 

resulting list of 3417 papers was reviewed by the WG for possible relevance to internal 

intensity change processes, with approximately 300 papers identified as being possibly 

relevant. The WG then screened the paper titles/abstracts for relevance to this subtopic 

and grouped the publications into smaller topical divisions.  

 

     The WG was then organized into teams, with each team having the responsibility to 

write a synthesis of the papers for one section of the subtopic. Although this report 
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focuses mainly on research progress, rather than operational perspectives, we have 

attempted to make the writing accessible to a broad audience (including forecasters). In 

order to properly put the recent studies into context, each synthesis includes an 

introduction with brief discussion of earlier studies, as well as a brief summary with 

recommendations (if any) for future research directions. Finally, it is also important to 

note that a reader interested in one particular section below need not read the entire 

report—each synthesis can be read as a stand-alone document.  

 

     These literature syntheses form the following seven sections of this Rapporteur 

Report:  

3.1.2 Rapid Intensification 

3.1.3   Eyewall Replacement Cycles 

3.1.4   Relation of Rainbands to Intensity Change 

3.1.5   Eyewall Instability and Inner-Core Mixing 

3.1.6   Relationship between Surface Fluxes and Intensity Change 

3.1.7   Mechanisms of Tropical Cyclone Intensification 

3.1.8   New and Emerging Research Topics 

 

     This report concludes with a summary and conclusions section, overall 

recommendations for future research directions, acknowledgements, a list of the primary 

contributors to each section, a list of acronyms used in this report, and references. 

3.1.2 Rapid Intensification (RI) 

a) Introduction and Definition of RI 

     Although the prediction of TC track has improved substantially due to more accurate 

numerical models and more satellite observations over the open ocean, predictions of TC 

intensity change have proven to be much more challenging. Our understanding of TC 

intensity changes is very limited, especially during the RI phase because of a lack of 

understanding of the physical mechanisms that are responsible for these relatively rare 

events. RI is first defined by Kaplan and DeMaria (2003) using the 95th percentile of the 

cumulative distribution functions of the 24-h intensity change derived from historical best 

track data (Landsea and Franklin 2013). In the North Atlantic (NA) basin, the 95th 

percentile of the 24-h intensity change is 30 kt (Kaplan and DeMaria 2003). Therefore, in 

this basin RI is defined as a 24-h period with an intensity increase ≥ 30 kt  in this basin. 

Many following studies found that the same 30 kt (or 15.4 m/s) threshold can be used 

globally (Jiang 2012; Jiang et al. 2013; Zagrodnik and Jiang 2014) or for other basins 

such as the northwest Pacific (Shu et al. 2012; Wang et al. 2015), northeast Pacific 

(Kaplan et al. 2010), and the southwest Indian Ocean (Leroux et al. 2018). In contrast, 

Hendricks et al. (2010) found that the 95th percentile of the 24-h intensity change for 

TCs during a five-year period (2003–2008) in the northwest Pacific basin was 19 m/s 

(36.9 kt). The Hendricks et al. (2010) study period is much shorter than other studies, 

however, so this could be the reason that they found a higher RI threshold.  

 

        The topic of RI has seen significant interest from researchers. Since the previous 

report for this subtopic (Stern et al. 2014), more than 60 refereed papers have been 

published about RI. This subsection synthesizes results from these publications during the 

past four years (2014–2018) to summarize the advancements in understanding physical 

processes associated with RI and how to better forecast these rare events. This synthesis 

includes subsections on RI climatology (subsection b), observational and idealized and 

non-idealized numerical perspectives of RI (subsections c, d and e), and new 
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developments in the operational prediction of RI (subsection f), followed by a summary 

and recommendations for future research.   

 

b) RI Climatology 

     This subsection reports new insights on TC RI based on recent climatological studies 

investigating intensification rate (IR) dependence on various internal and external 

parameters in the North Atlantic (NA) and Western North Pacific (WNP) basins.  

 

Using six decades of  NA TC observations from the Hurricane Database (HURDAT2; 

Landsea and Franklin 2013), Yaukey (2014) found that the onset of intensification 

(defined as a 15 kt (7.7 m/s) increase over 24 h) was most likely to occur shortly after 

midnight local time, and least likely to occur shortly before midnight. This statistical 

analysis also shows that RI is influenced by TC age from genesis, as well as by the wind 

speed deficit relative to speeds expected for the TC’s central pressure.  In the NA basin, 
1

Qin et al. (2016) used the Extended Best Track (EBT) dataset during the 25-year period 

of 1990–2014 to perform a statistical analysis of steady state-radius of maximum wind 

(S-RMWs) associated with rapidly intensifying TCs. In S-RMW cases, the contraction of 

the RMW during intensification ceases before TCs reach their peak intensities, resulting in 

nearly steady state RMWs; such features were notably observed in major hurricanes such 

as Katrina (2005), Megi (2010), and Andrew (1992). An analysis of 55 rapidly 

intensifying hurricanes that exhibited steady state-RMWs shows that S-RMWs comprise 

about 53% of the 139 RI events of 24-h duration and 69% of 12-h RI events. Also, 

S-RMWs tend to occur more frequently in intense storms and when RMWs have already 

contracted to less than 50 km.  

 

     Carrasco et al. (2014) used the NA Hurricane Database (HURDAT2; Landsea and 

Franklin 2013) to investigate possible connections between TC size and their subsequent 

propensity to undergo RI. Comparisons between RI and non-RI TCs over a 20-year period 

of analysis (1990–2010) show that TCs undergoing RI are more likely to be smaller 

initially than those that do not. For various inner and outer measures of size, such as 

RMW and average 34-kt radius (AR34), TCs that do not experience RI are approximately 

10 n mi (18.5 km) larger than cyclones undergoing RI. They found that RI is unlikely 

when the initial RMW > 50 n mi (~90 km) and AR34 > 140 n mi (250 km). They also 

showed that for both size parameters, these thresholds lay near the boundary (RMW = 

48 n mi, 89 km) separating medium and large TC, suggesting that RI becomes unlikely 

once a TC has a large RMW and/or AR34. In contrast, when using the radius of the 

outermost-closed isobar (ROCI) as the size parameter, the size difference between RI 

and non-RI cases is negligible (this suggests that intensity forecasts and RI predictions 

may be improved by the use of the initial size as measured by RMW and AR34). Xu and 

Wang (2018a) conducted a similar study in the WNP using the Joint Typhoon Warning 

Center (JTWC) best track database during 1982–2015. RI was found to occur only in a 

relatively narrow range of the parameter space in storm intensity and both inner-and 

outer-core sizes, with the highest intensification rate (IR) occurring when Vmax = 70 kt 

(36 m/s), RMW ≤ 40 km, and  AR34 = 150 km. Consistent with the findings for NA TCs, 

RI was found to occur only for TCs with moderate intensity and small inner-core size, 

while storms with RMWs > 120 km almost never intensify rapidly (Fig. 1).  

 

  

1 Yaukey’s results suggests that taking into account additional storm characteristics such as age, 

strength, and time of day could help increase the performance of RI forecast schemes such as 

NHC’s operational Statistical Hurricane Intensity Prediction Scheme (SHIPS) model. 
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Fig 1. Distributions of numbers of (a)–(c) all intensifying TC cases, (d)–(f) non-RI TC 

cases [with IR less than 30 kt (15.4 m/s) per 24 h], and (g)–(i) RI TC cases for the 

parameter spaces of (left) Vmax–RMW, (center) Vmax–AR34, and (right) Vmax–DR34 

[where DR34 is the outer-core wind skirt parameter computed as AR34−RMW]. Figure 9 

of Xu and Wang (2018a). 

 

c) Observational Perspectives on RI 

     This subsection reports new insights on RI from observational studies. A key aspect of 

this topic is the relationship between RI and the distribution of inner-core convection and 

precipitation. Satellite-based statistical studies have often demonstrated that the degree 

of axisymmetry of convection and precipitation is a vital indicator of RI. Some pioneering 

studies that were summarized in the previous IWTC-VIII report include Kieper and Jiang 

(2012) and Zagrodnik and Jiang (2014). Using 15 years of passive microwave satellite 

data for Atlantic and east Pacific storms, Alvey et al. (2015) found that, compared to TCs 

with lower IRs, TCs with higher IRs (including RI) possess more symmetric distributions 

of precipitation prior to the onset of intensification, as well as a greater overall areal 

coverage of precipitation. Using 14 years of Tropical Rainfall Measuring Mission (TRMM) 

Precipitation Radar (PR) data, Tao and Jiang (2015) compared the contributions to RI by 

shallow to moderate precipitation versus the contributions by moderately deep to very 

deep convection. They found that increased and widespread shallow convection around 

the storm center is a first indication of RI and can be used as a predictor for the onset of 

RI. The contribution to total volumetric rain and latent heating from shallow and 

moderately shallow precipitation in the inner core is greater in RI storms than in non-RI 

storms, while the opposite is true for moderately deep and very deep precipitation. 

Therefore, Tao and Jiang (2015) argued that RI is more likely triggered by the increase of 

shallow-moderate precipitation, and that the appearance of more moderately to very 

deep convection in the middle of RI is more likely a response, or positive feedback, to 

changes in the vortex (rather than a cause of RI). Harnos and Nesbitt (2016) used 37- 
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and 85-GHz passive microwave data to quantify the relative prevalence of cold clouds 

(i.e., deep convection and stratiform clouds) versus predominantly warm clouds (i.e., 

shallow cumulus and cumulus congestus). They found that TCs undergoing subsequent RI 

or intensification possessed a greater presence of combined liquid and frozen 

hydrometeors associated with cold clouds. Compared to the full intensity change 

distribution, TCs undergoing RI episodes exhibited approximately an order of magnitude 

increase of inner-core cold cloud frequency relative to warm cloud presence.  

 

     Conventionally, RI is defined as a 24-h period with intensity increase ≥ 30 kt (15.4 

m/s), by following Kaplan and DeMaria’s (2003) pioneering work on RI, with each 24-h 

period treated as a separate case. The main drawback of this approach is that it neglects 

storm evolution information. In reality, RI usually happens as an event, which can last 

48–60 h or longer. In order to place the individual 24-h RI cases within the context of the 

entire RI event, Tao et al. (2017) first introduced an RI event-based definition. An RI 

event was defined as multiple, continuous, and overlapping 24-h periods where the 

maximum sustained winds of each period increased by at least 30 kt (15.4 m/s), as 

illustrated in Tao et al. (2017)’s figure 1 (not shown). They used this definition to 

examine the relative importance of stratiform and convective precipitation with respect to 

the evolution of RI events from a 16-y TRMM PR dataset. They found that the onset of RI 

follows a significant increase in the occurrence and azimuthal coverage of stratiform 

rainfall in all shear-relative quadrants, especially upshear left (Fig. 2). They also found 

that rainfall intensity and total volumetric rain, which are mainly contributed by 

convective precipitation, do not increase until several hours after RI onset. Therefore, 

they argued that the convective precipitation is more likely a response, or positive 

feedback, rather than the trigger of RI. Jiang et al. (2018) used the same RI event-based 

definition as in Tao et al. (2017) to examine the evolution of different precipitation types 

during RI events. By further separating convective precipitation into shallow and deep 

types, Jiang et al. (2018) found a significant increase in the inner-core coverage of 

stratiform precipitation and shallow convection 3 to 21 h before the onset of RI.  

 

Fig 2. Composite shear-relative distribution of the rainfall coverage from (I) all 

precipitation, (II) stratiform precipitation, and (III) convective precipitation. From left to 

right: (a) 12–24 h before RI onset, (b) 0–12 h before RI onset, (c) RI onset, (d) RI 

continuing, and (e) 12–24 h before RI ends. Dotted range rings represent the 25-, 50-, 

75-, and 100-km radii. Figure 4 of Tao et al. (2017). 
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     A normalization technique was used by Fischer et al. (2018) to analyze anomalous TC 

convective characteristics and their relationship to TC intensity change. They showed that 

anomalously cold infrared and 85-GHz brightness temperatures, as well as anomalously 

warm 37-GHz brightness temperatures, in the upshear quadrants of the TC are 

associated with increased rates of TC intensification, including RI. For RI episodes in the 

NA basin, they found that an increase in anomalous liquid hydrometeor content precedes 

anomalous ice hydrometeor content by approximately 12 h, suggesting that convection 

deep enough to produce robust ice scattering is a symptom of, rather than a precursor 

to, RI. In the eastern North Pacific basin, they found that the amount of anomalous liquid 

and ice hydrometeors increases in tandem near the onset of RI. Fischer et al.’s (2018) 

study suggests that normalized infrared and passive microwave brightness temperatures 

could be utilized to skillfully predict episodes of RI.  

  

     Oyama (2017) examined the relationship between TC intensification and cloud-top 

outflow revealed by upper-tropospheric atmospheric motion vectors (AMVs) derived from 

geostationary satellite observations of 44 TCs during 2011–2014. He found that the IRs 

of 66% of the TCs peaked 0–36 h after the maximum outflow was observed. For TCs 

undergoing RI, the peak IR also occurred after the maximum outflow. He also found that 

the correlation between outflow and the TC IR was higher for TCs accompanied by 

convective bursts (CBs) than for those without CBs, implying that a rapid deepening of 

inner-core convection is important for intensification of a TC’s secondary circulation. Gao 

et al. (2017) undertook a water budget analysis of TCs to examine four water-budget 

components (total precipitable water, surface evaporation, precipitation, and 

column-integrated moisture flux convergence) associated with WNP TCs of different 

intensity change categories. The water budget parameters were derived from satellite 

observations and model reanalysis data during 2001–2009. Their results showed that 

surface evaporation plays an important role in storm RI and the highest evaporation rates 

are associated with rapidly intensifying TCs over the highest sea surface temperatures 

(SSTs). They also found that total precipitable water in the outer environment, where 

moisture is mainly provided by surface evaporation, is also vital to storm RI because RI is 

favored when there is less dry air intruding into the storm circulation.  

 

     Lightning serves as an important proxy of convective intensity. The relationship 

between the spatial and temporal distribution of lightning activity and RI has been 

examined statistically across specific basins and globally. Using 16 years of TRMM 

Lightning Imager Sensor data, Xu et al. (2017) found that rapidly intensifying TCs 

showed significantly smaller inner-core flash density and volume of 30 dBZ echoes in the 

mixed phase region than slowly intensifying TCs, indicating the potential use of these 

parameters in forecasting RI. They also found that inner-core (outer-rainband) flash 

density decreases (increases) 12–18 h preceding the onset of RI, while inner-core 

(outer-rainband) flash density increases (decreases) 6–12 h prior to TC weakening (Fig. 

3). Using lightning data from the World Wide Lightning Location Network (WWLLN), 

Zhang et al. (2015) investigated the relationship between inner-core lightning and TC 

intensity changes over the WNP basin. They found that the differences in lightning 

density between RI and rapidly weakening (RW) storms are largest in the inner core, and 

that the lightning density for RI cases is larger than for RW cases in the inner core 

(0–100km). Using WWLLN data for TCs in the Southwest Indian Ocean (SWIO), Bovalo et 

al. (2014) found that the proportion of periods with lightning activity is higher during 

rapid intensity changes of TCs. They also found that during tropical storm stage, lightning 

activity in the outer rainbands begins increasing 18 h before a RI period. The WWLLN 

data were also used to examine the characteristics of lightning activity in TCs over North 

Indian Ocean (NIO) by Ranalkar et al. (2017). They discovered that during RI, TCs 

exhibit high lightning flash rates.  
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Fig 3. (a, c) Flash density (FLD) and (b, d) 30-dBZ echo volume (VOL30) between -5 and 

-40°C in the inner-core region (a and b) and outer-rainband region (c and d), as a 

function of time period relative to the onset of TC weakening (green bars) and RI (red 

bars). Figure 9 of Xu et al. (2017). 

 

     During the IWTC-IX reporting period, two field experiments were dedicated to 

collecting data for TC intensity and intensity change, including RI: 1) the National 

Aeronautics and Space Administration’s (NASA) Hurricane and Severe Storm Sentinel 

(HS3) during 2012–2014 (Braun et al. 2016), and 2) the Office of Naval Research 

Tropical Cyclone Intensity (TCI) field program during 2015 (Doyle et al. 2017). These two 

field campaigns, along with many previous ones, have provided crucial flight-level, 

dropsonde, and remote sensing data for RI case studies. Using NASA HS3 data, the 

relationship between thermodynamic and dynamic structures, and convection and 

precipitation during the symmetrization process of Hurricane Edouard (2014) and its 

association with RI was investigated by Zawislak et al. (2016) and Rogers et al. (2016). 

Zawislak et al. (2016) found that the precipitation distribution is intimately linked to the 

thermodynamic symmetry, which becomes greater as the frequency, areal coverage, 

and, in particular, rainfall rate increases upshear. Their results suggest that the upshear 

moisture content could be a predictor for RI. Rogers et al. (2016) demonstrated that 

deep convection was located farther inside the RMW during the intensifying period than 

the weakening period. Their results highlighted the importance of the azimuthal coverage 

of precipitation and the radial location of deep convection for RI. Using ONR TCI data, 

Duran and Molinari (2018) studied the dramatic inner-core tropopause variability during 

the RI of Hurricane Patricia (2015). Based on the observations of eyewall penetrations 

into the stratosphere during RI, the existence of a narrow inflow layer near the 

tropopause and the role of subsidence from the stratosphere in developing an upper-level 

warm core, they hypothesized three mechanisms of inner-core tropopause variability: 

destabilization of the tropopause inversion layer (TIL) through turbulent mixing, 

weakening of the TIL over the eye through upper-tropospheric subsidence warming, and 

increasing tropopause height forced by overshooting updrafts in the eyewall. They further 

argued that none of these processes are seen as the direct cause of RI, but rather are a 

part of the RI process that features strong increases in boundary layer moist entropy. 
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     The RI of Hurricane Earl (2010) was extensively examined by Stevenson et al. 

(2014), Susca–Lopata et al. (2015), and Rogers et al. (2015) using a variety of available 

data sources. Stevenson et al. (2014) found that the inner-core lightning activity in the 

inner core of Earl precessed from left-of-shear to upshear beginning just prior to the 

onset of RI, which was considered to be an extremely rare event since it differed 

markedly from previous studies. They hypothesized that Earl’s RI may have occurred, in 

part, because the vertical wind shear acted to reduce the upshear tilt, and the occurrence 

of convection inside the RMW helped to enhance the warm core. The role of deep 

convection in Earl’s RI was further investigated by Susca–Lopata et al. (2015), and 

Rogers et al. (2015). Both studies found that asymmetric deep convection in the initially 

vertically misaligned vortex, initially left-of-shear but not distinctly up- or down-shear, 

subsequently rotated into upshear regions. By the end of this stage, the vortex was 

aligned and extended over a deep layer, the precipitation symmetry increased, and RI 

commenced.  

 

     Guimond et al. (2016) documented a similar rotation of deep CBs from the downshear 

quadrants into the upshear quadrants during the RI Hurricane Karl (2010). Guimond et 

al. (2016) argued that the bursts form and are maintained through a combination of two 

main processes: 1) convergence generated from counter-rotating mesovortex circulations 

and the larger vortex-scale flow, and 2) the turbulent transport of anomalously warm, 

buoyant air from the eye out into the eyewall at low levels. They also documented the 

development of a pronounced axisymmetric vortex following the pulsing CBs; this vortex 

included a sloped eyewall structure and the formation of a clear, wide eye. 

 

     Sanger et al. (2014) found that vortical updrafts were common before and during RI 

of Super Typhoon Jangmi (2008). They further claimed that rotating convective clouds 

are important elements in the TC spin-up process. Similarly, Shimada et al. (2018) found 

enhanced eyewall convection inside the RMW during the RI of Typhoon Goni (2015).  

 

d) Idealized Numerical Perspectives on RI 

     Most recent studies are based on idealized, or real-case, ensemble TC simulations 

using convection-permitting models. For instance, a large ensemble of 270 idealized TC 

simulations was used by Miyamoto and Nolan (2018) to study the structural changes of 

TCs preceding RI. The ensemble average of RI cases had two distinct intensification 

phases. In the first phase, both the RMW and the vortex tilt decrease with time. In the 

second phase, the equivalent potential temperature in the lowest 1 km and the radius of 

maximum convergence (RMC) increase prior to the onset of RI. The Rossby number was 

also larger in the simulations (119) that experienced RI in the subsequent 24 h compared 

with the samples without RI. These findings are consistent with the study of Miyamoto 

and Takemi (2015), which showed that TC vortices with larger Rossby numbers were 

more likely to experience RI and, hence, to evolve into strong hurricanes (Fig. 4).  

 

Fig. 4. Relationship between Rossby radius (Ro) and 

the time (t) of the onset of RI. Figure 20 of Miyamoto 

and Takemi (2015). 

 

     Using Weather Research and Forecasting (WRF) 

model ensemble simulations with different 

environmental vertical wind shear, SST, and ambient 

moisture conditions, Tao and Zhang (2014) found that 

the environmental shear could significantly affect the 

timing of TC intensification by influencing the spatial 
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distribution of convection and subsequently changing the positive feedback between 

diabatic heating and the TC vortex primary circulation.  In particular, the changes in the 

distribution and intensity of the diabatic heating were found to subsequently affect the 

secondary circulation strength and the vortex mean circulation. From idealized numerical 

experiments, Wang and Heng (2016) also evaluated the contribution of the near-surface 

high energy air in the eye region to TC intensification rate. Their results showed that 

when the surface entropy flux was turned off in the eye region, the equivalent potential 

temperature and convective available potential energy in the eye were largely suppressed 

while the IR of the simulated storm was reduced by about 30% during the RI phase. 

These results suggest that the near-surface high entropy air in the eye region can be 

crucial for initiating convection near the inner edge of the eyewall and facilitating eyewall 

contraction. This process leads to higher inner-core inertial stability, and thus, higher 

dynamical efficiency as the eyewall heating spins up the tangential winds near the RMW. 

All of this leads to a larger IR in the simulated TC. 

 

        Using five high-resolution ensembles based on the Advanced Research version of 

the WRF (ARW) model, Judt and Chen (2016) investigated the predictability of RI during 

Hurricane Earl (2010), which is considered as one of the best-observed hurricane RI 

cases to date. While environmental conditions control the maximum TC intensity and the 

likelihood of RI during the TC lifetime, both environmental and internal factors are found 

to contribute to uncertainty in RI timing. Complex interactions among environmental 

vertical wind shear, the mean vortex, and internal convective processes govern the TC 

intensification process and lead to diverse pathways to maturity. Although the likelihood 

of Earl undergoing RI seems to be predictable, the exact timing of RI has a stochastic 

component and low predictability. Despite uncertainty in the timing of RI, two dominant 

modes of RI emerged: members which undergo RI early in the storm lifecycle, and 

members which undergo RI later in the life cycle. In the early RI cases, a rapidly 

contracting RMW accompanies the development of the eyewall during RI. The late RI 

cases possess a well-developed eyewall prior to RI and form an upper-level warm core 

during the RI process. These differences indicate that RI is associated with distinct 

physical processes during particular stages of the TC life cycle.  

 

     Kowch and Emanuel (2015) analyzed frequency distributions of intensification and 

dissipation developed from synthetic open-ocean tropical cyclone data,  and found that RI 

is part of a continuum of intensity change that shows no propensity toward a fat tail. This 

result suggests that TC intensification and dissipation are controlled by randomly 

distributed environmental and internal processes.  

 

e) Numerical Perspectives on RI 

     This subsection reports new insights on RI from modeling studies. The relationship 

between deep convection including CBs and RI is a key aspect of this  topic. Tang et al. 

(2018a) simulated Typhoon Mujigae (2015) using the ARW model and showed that the 

CBs play an important role in the formation of the warm cores in the middle and upper 

troposphere, respectively, which trigger and maintain RI. To focus on the roles of latent 

heating, Miller et al. (2015) used a WRF simulations of Hurricane Wilma (2005) to 

examine the impacts of changing latent heating rates  on the RI. They found that 

simulated TCs experience substantially reduced IRs in experiments in which the latent 

heating is reduced. Simulations with greater latent heating rates generate more 

inner-core CBs during RI, with peak vertical motion in the eyewall occurring at higher 

altitudes. Li et al. (2016) simulated Typhoon Megi (2010) using the WRF model, which 

experienced both RI and gradual intensification processes during its lifetime. They 

showed that in small- or moderate-shear environments, the enhanced CBs release large 

amounts of latent heat in the upper troposphere, which enhances the upper-level warm 

3.1.10 



core and leads to the intensification phase. During RI onset, strong convective cells 

concentrated in the eyewall downshear or left-of-shear. As Megi intensified rapidly, 

symmetric structures became well developed. 

 

In WRF simulations of Typhoon Megi (2010), Lee and Wu (2018) found polygonal 

eyewall structure during the RI period, with high winds concentrated at each vertex of 

the polygonal eyewall. Furthermore, when conditions are conducive to TC intensification, 

the winds often amplify near each vertex of the polygonal eyewall, resulting in high 

inertial stability, more energy gain from enhanced local surface heat fluxes, higher 

tangential winds due to radial absolute angular momentum advection, greater 

supergradient winds, and a higher frequency of CBs located inside the RMW. Therefore, 

they suggested that the polygonal structure of the eyewall likely facilitates RI by 

amplifying the aforementioned features at each vertex, and enhancing their impact on 

the vortex-scale intensification. 

 

     Stern and Zhang (2016) examined the vertical aspects of the warm-core structure of 

Hurricane Earl (2010) on four different days, spanning periods of both RI and weakening. 

This study used a convection-permitting forecast, as well as high-altitude dropsondes. 

Results showed that during RI, strong warming occurs at all heights. Further, Chang and 

Wu (2017) explored the processes leading to the RI of Typhoon Megi (2010) in a 

sensitivity experiment that used a convection-permitting, full-physics ARW model and a 

different microphysical scheme. Their study revealed that the intermittent, active 

convection gradually strengthens the primary circulation, and that the development of a 

mid-level warm core tends to serve as a precursor to RI. 

 

     Another series of studies examined the relationship between RI and factors such as 

low-level convergence, surface fluxes, and vertical mixing. Through a WRF simulation of 

Typhoon Haikui (2012), Zhang et al. (2017e) showed that three factors play a key role in 

the RI process: 1) a remarkable increase in low-level moisture transport toward the inner 

core, 2) a favorable large-scale background field with low-level convergence, and 3) 

upper-level divergence. They also indicated that upper-level divergence could be used as 

an indicator for RI approximately six hours in advance. Zhang et al. (2017f) investigated 

Super Typhoon Rammasun (2014) in an ARW simulation and indicated that the storm’s 

intensification was closely related to the net energy gain rate, defined as the difference 

between the energy production due to surface entropy flux and the energy dissipation 

due to surface friction near the RMW. Liu et al. (2017) used the ARW model to study the 

RI of Hurricane Katrina (2005) before its subsequent weakening and landfall in the 

southern U.S. with the ARW model. During the RI period, modest differences (e.g., over 

10 hPa) were seen in the simulated minimum sea-level pressure between two simulations 

with different boundary layer schemes. This suggests that improved representation of 

surface fluxes and vertical mixing in the boundary layer are essential for the accurate 

prediction of hurricane intensity changes. To explain why a hurricane experiences RI after 

the RMW contraction ceases, Qin et al. (2018) used the WRF model to  examine a 

simulation of Hurricane Wilma (2005). When simulated RI is occurring but the RMW is 

nearly steady-state (no contraction), the local absolute angular momentum (AAM) 

tendencies in the eyewall are smaller in magnitude and narrower in width than those 

during the contracting RI stage. In addition, during the non-contracting stage, the AAM 

tendencies in the planetary boundary layer (PBL) increase with time following the 

time-dependent RMW, but during the contracting stage these tendencies decrease with 

time. These results suggest that intensification can be maintained during the 

non-contracting stage if the radial flux convergence of AAM overcompensates for the 

losses due to the vertical flux divergence of AAM at the RMW. 
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     New insights regarding cloud microphysics have also been reported. Harnos and 

Nesbitt (2016a,b) investigated the initiation and maintenance of RI using two 1-km WRF 

simulations of the RI periods of hurricanes Ike (2008) and Earl (2010), under low and 

high wind shears, respectively. Although the intensification time series of each simulated 

storm is similar, the hydrometeor characteristics differ between the two cases, with Ike 

possessing less asymmetry and less vigorous convection than Earl. At least some of the 

diabatic heating remains within the RMW following eye development in each storm. The 

majority of the diabatic heating within the RMW of both cases occurs at subfreezing 

temperatures. This result indicates the importance of clouds associated with ice processes 

in these RI simulations. Further, they evaluated differences in the vertical velocity 

characteristics associated with various cloud populations for two simulated cases of RI 

under varying wind shears prior to the RI phase. In the simulated low-shear TC 

(Hurricane Ike), the top 1% of updraft magnitudes within the RMW occur at a height of  7 

km, while in the simulated high-shear case (Hurricane Earl), the top 1% of updraft 

magnitudes occurred at 12 km. 

 

      Regarding the relationship between the TC atmospheric environment and RI, Chen 

and Gopalakrishnan (2015) investigated Hurricane Earl (2010) using the results of a 

forecast from the operational Hurricane WRF (HWRF) system and showed that the tilt was 

large at RI onset and decreased quickly once RI commenced. This result suggests that 

vertical alignment is the result, rather than the trigger, for RI. RI onset is associated with 

the development of upper-level warming in the eye, which results from upper-level 

storm-relative flow advecting the warm air caused by subsidence warming in the 

upshear-left region toward the low-level storm center. This scenario does not occur until 

persistent CBs are concentrated in the downshear-left quadrant. The temperature budget 

indicates that horizontal advection plays an important role in the development of 

upper-level warming in the early RI stage. Chen et al. (2018b) used ARW model 

simulations of Typhoon Vicente (2012) to investigate the key inner-core processes that 

effectively resist environmental vertical wind shear during RI onset. The convective 

precipitation shield (CPS) embedded in the downshear convergence zone plays a vital 

role in preconditioning the vortex before RI. The CPS induces a mesoscale positive 

vorticity band (PVB) characterized by vortical hot tower (HT) structures upstream and 

shallower structures (~4 km) downstream. Multiple mesovortices form successively along 

the PVB and are detached from the PVB at its downstream end, rotating cyclonically 

around the TC center (Fig. 5). The sufficient magnitude of the vorticity anomalies in the 

PVB facilitates the upscale growth of a mesovortex into a reformed inner vortex, which 

eventually replaces the parent TC vortex (i.e., downshear reformation), leading to RI 

onset. Tao and Zhang (2015) used WRF simulations to explore the effects of 

environmental shear on the dynamics and predictability of TCs. They showed that larger 

shear magnitudes resulted in less predictable TCs, especially at time of RI onset. This 

effect continues until the shear becomes too large for TC formation. 

 

Regarding the effects of ocean coupling on RI, Kanada et al. (2017) investigated 

Typhoon Megi (2010) using the three-dimensional atmosphere–ocean coupled regional 

model, the Cloud Resolving Storm Simulator – Non-Hydrostatic Ocean model for the 

Earth Simulator (CReSS–NHOES). Because the warm sea increased near-surface water 

vapor and, hence, the convective available potential energy, the high SST in the eye 

region facilitated tall and intense updrafts inside the RMW and led to the start of RI. In 

contrast, high SST outside this radius induced local secondary updrafts that inhibited RI, 

even when the mean SST in the core region exceeded 29.0 degrees C. These secondary 

updrafts moved inward and eventually merged with the primary eyewall updrafts; the 

storm then intensified rapidly when the high SST appeared in the eye region. Thus, 

changes in the local SST pattern around the storm center strongly affect the RI process 

by modulating the radial structure of core convection. Wang and Wang (2014) also 
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investigated Typhoon Megi (2010) in a simulation using the ARW model with both 

dynamical initialization and large-scale spectral nudging. They showed that the onset of  

  

 

Fig 5. Hourly evolution of 900-hPa relative vorticity (shading; 10–3
 s–1

) and geopotential 

height (contoured every 2 x 102 gpm) from (a) 1400 to (f) 1900 UTC 22 Jul 2012 for 

Typhoon Vicent (2012). The black hurricane symbol (dot) in each panel denotes the 

surface (500 hPa) TC center. Labels A–D denote different mesovortices. Note that 

mesovortex D is weak, loosely organized, and never dominates the vorticity asymmetries 

in 900 hPa, and thus its label D is an exception of chronological labeling. Figure 7 of Chen 

et al. (2018b). 

 

RI was triggered by CBs that  penetrate into the upper troposphere, leading to 

upper-tropospheric warming and the formation of the upper-level warm core. In turn, 

CBs with their roots inside of the eyewall in the boundary layer, were buoyantly 

triggered/supported by slantwise convective available potential energy (SCAPE) 

accumulated in the eye region. During RI, the convective areal coverage in the inner-core 

region increases, while decreases were seen in the updraft velocities in the upper 

troposphere and in the number of CBs. Ma et al. (2017) studied the impact of including a 

sea-spray scheme and a modified algorithm for momentum exchange on RI using the 

Australian Bureau of Meteorology’s current operational TC model for TC Yasi (2011). The 

study showed that the revised model simulates a cooler and more moist region near the 

surface in the eyewall/eye region, and that this leads to an earlier RI evolution with 

stronger subsidence in the eye.The modified model simulation also features a stronger 

radial pulsating of the eye and eyewall convection on relatively short time scales. The 

enhancement of RI by the new scheme is characterized by eyewall ascent, radial 

convergence, and inertial stability inside the radius of azimuthal-mean maximum wind 

over low-to mid-levels, and by a ring-like radial distribution of relative vorticity above the 

boundary layer. 

  

 Regarding the reproducibility of TCs that rapidly intensified, Kanada and Wada (2015) 

tried to reproduce Typhoon Ida’s (1958) extreme deepening (defined as a central 

pressure drop exceeding 90 hPa/24 h) using the JMA 2-km mesh nonhydrostatic 
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mesoscale model (JMA-NHM). The combination of shallow-to-moderate convection and 

tall, upright CBs was found to be crucial to simulating the extreme RI. In a follow-up 

study, Kanada and Wada (2017) investigated 34 intense TCs with best-track minimum 

central pressures ≤ 900 hPa in the WNP. This study used a 20-km-mesh atmospheric 

general circulation model (AGCM20), which was subsequently downscaled via a 

5-km-mesh regional atmospheric nonhydrostatic model (ANHM5). While most of the 

intense best-track TCs underwent RI and attained maximum intensities south of 25N, the 

AGCM20-simulated TCs tended to intensify longer and more gradually; only half of them 

underwent RI. Qin and Zhang (2018) conducted ultra-high resolution (finest horizontal 

mesh size of 333 m) WRF simulations of Hurricane Patricia (2015), the hurricane which 

broke intensification records both for peak intensity and 24-h change in intensity over the 

eastern Pacific basin. They revealed that Patricia’s extraordinary development and its 

inner-core structures could be reasonably well simulated if ultra-high horizontal 

resolution, appropriate model physics, and realistic initial vortex intensity are 

incorporated. They concluded that the large-scale conditions (e.g., warm SST, weak 

vertical wind shear, and the moist intertropical convergence zone) and convective 

organization all played important roles in determining the predictability of Patricia’s 

extraordinary RI and peak intensity. 

 

         A number of studies in this period examined the effectiveness of ensemble 

forecasts to elucidate key features of RI. Munsell et al. (2017) explored the dynamics and 

predictability of the intensification of Hurricane Edouard (2014) through a 60-member 

convection-permitting ensemble initialized with an ensemble Kalman filter for a WRF 

model that assimilated dropsondes collected during NASA’s HS3 field program. Utilizing 

composite groups created according to the near-RI-onset times of the members, for 

increasing magnitudes of deep-layer shear, RI onset is increasingly delayed; 

intensification does not occur once a critical shear threshold is exceeded. Although the 

timing of intensification varies by as much as 48 h in the simulations, a decrease in shear 

is observed across the intensifying composite groups similar to that seen 6–12 h prior to 

RI. This decrease in shear is accompanied by a reduction in vortex tilt, as the precession 

and subsequent alignment process begin similar to that seen in the 24–48 h prior to RI. 

Leighton et al. (2018) also investigated Hurricane Edouard (2014) on the differences in 

both the TC inner-core structure and large-scale environment using ensemble forecasts 

from HWRF. They revealed that, for RI cases, as deep convection wrapped around from 

the downshear side of the storm to the upshear-left quadrant for RI members, vortex tilt 

and asymmetry reduce rapidly, and RI occurs. In contrast, for non-intensifying (NI) 

members, deep convection remains in the downshear/downshear-right quadrant, and 

storms do not intensify. The budget of tangential wind tendency reveals that in the RI 

members, the positive radial eddy vorticity flux significantly contributes to the spin-up of 

tangential wind in the middle and upper levels and also acts to reduce the tilt of the 

vortex (Fig. 6). In the NI members, the negative eddy vorticity flux spins down the 

tangential wind in the middle and upper levels and does not help the vortex become 

vertically aligned. 

 

f) New Developments in the Operational Prediction of RI 

     This subsection reports new insights on the development or improvement of RI 

forecast schemes since IWTC-8. Zhang et al. (2017d) evaluated the impact of modifying 

the vertical eddy diffusivity (K-m) in HWRF’s boundary layer parameterization on 

forecasts of TC RI. Results show that improvement in the vertical eddy diffusivity led to 

improved RI forecasts. HWRF forecasts with reduced K-m at RI onset possess a shallower 

boundary layer with stronger inflow, more unstable near-surface air outside the eyewall, 

stronger and deeper updrafts in regions farther inward from the RMW, and stronger 

boundary layer convergence closer to the storm center. Despite these structural 
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differences, the mean storm intensity (as measured by the 10-m winds) is similar for the 

two groups (Fig. 7).  

 

Fig 6. Horizontal cross sections of (a) eddy radial vorticity flux (m s–1
 h–1

), (b) eddy radial 

component of storm-relative flow (vectors) and eddy vorticity (shading; 10–4 
s–1

), (c) 

storm-relative flow (vectors) and vorticity (shading; 10–4
 s–1

) averaged for RI members 

between 6 and 10 km and –3 and 0 h. (d)–(f) As in (a)–(c), respectively, but for the 

Non-intensifying (NI) members averaged between –7 and –4 h. Dark blue circles indicate 

the RMW and red arrows denotes the shear vector. Figure 10 of Leighton et al. (2018). 

 

 

 

 

 

 

 

Fig. 7. RI verification 

using a the categorical 

performance diagram 

for the low-Km and 

high-Km groups. Note 

that a perfect forecast 

lies in the top right of 

the diagram when the 

probability of detection 

(POD) and success ratio 

(SR) approach unity. 

Figure 2 of Zhang et al. 

(2017d). 
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Shimada et al. (2017) investigated the relationship between both current intensity 

and degree of axisymmetry on a TC’s future intensity change during the development 

and decay stages. These results, based on analysis of hourly Global Satellite Mapping of 

Precipitation (GSMaP) data (0.1° resolution) for 380 WNP TCs that occurred during 

2000–2015, showed that the IR at the current time, and 6- and 12-h after the current 

time, are strongly related to both the current intensity and degree of axisymmetry during 

the development stage. When TCs start with a current central pressure (maximum 

sustained wind) between 945 and 995 hPa (85 and 40 kt, or 43.7 and 20.6 m/s, 

respectively), TCs with higher degree of axisymmetry experience a larger intensity 

change in the next 24 h, on average. For TCs starting with a current central pressure of 

960–990 hPa, the mean value of the degree of axisymmetry is much higher for TCs 

experiencing RI than those for non-RI TCs. These results suggest that once a TC becomes 

axisymmetric, it tends to keep its axisymmetric structure and continue to intensify, so 

long as the environment remains favorable for intensification. 

 

     Zhuge et al. (2015) used TRMM data and the SHIPS development dataset to evaluate 

the potential for using inner-core HTs in operational RI forecasts for each of the TC-prone 

basins. The efficacy of using inner-core HTs to predict RI differed depending on the basin. 

For instance, the stand-alone HT-based RI prediction scheme showed little skill in the NA 

and eastern and central Pacific (ECP) basins, but yielded skill scores of >0.3 in the 

southern Indian Ocean (SI) and WNP basins. When HTs were used in conjunction with 

several storm and environmental parameters [previous 12-h intensity change, potential 

intensity (PI), percentage area from 50 to 200 km of cloud-top brightness temperatures 

lower than -10°C, and 850–200-hPa vertical shear magnitude with the vortex removed], 

the predictive skill score in the SI was 0.56. This is comparable to that of the SHIPS RII 

scheme, which is considered to be the most advanced RI prediction method. Rozoff et al. 

(2015) examined the probabilistic prediction of TC RI in the NA and eastern Pacific basins 

using a series of logistic regression models trained on environmental and infrared 

satellite-derived features. Results show that the inclusion of Microwave Imagery 

(MI)-based predictors yield more skillful RI models for a variety of RI and intensity 

thresholds. Compared with the baseline forecast skill of the non-MI-based RI models, the 

relative skill improvements from including MI-based predictors range from 10.6% to 

44.9%. Grimes and Mercer (2015) also investigated the possibility to use large-scale 

processes as RI indicators within TC environments in the Atlantic basin. In the first phase 

of their study, the synoptic-scale variables that yielded the largest statistically significant 

differences between RI and non-RI TCs were identified through spatial analysis of NASA’s 

Modern Era Retrospective-analysis for Research and Applications (MERRA) data from 

1979 to 2009. A logistic regression and a support vector machine (SVM) classification 

algorithm were then used to diagnose the onset of RI at the 24-h lead time. The SVM 

model’s skill, using synoptic-scale variables as predictors, was found to outperform the 

logistic regression model. The approach identified mid-level vorticity, pressure vertical 

velocity, 200–850-hPa vertical shear, low-level potential temperature, and specific 

humidity as the most significant predictors for diagnosing RI.  

 

g) Summary of Recent Findings on RI 

         Despite extensive research on the RI topic over the past four years, many 

uncertainties remain regarding how to better simulate and predict the onset and 

continuation of RI. First, a better definition of RI is needed and should be applied to 

future studies. Most of the previous statistical studies used the 24-h case-based RI 

definition as defined by Kaplan and DeMaria (2003). As pointed out by Kieper and Jiang 

(2012) and Tao et al. (2017), RI usually happens as an event, which can last up to 78 h 

or even longer. About 76% of RI events lasted more than 24 h (Tao et al. 2017). The 
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approach of treating any 24-h RI case as a single and independent event does not 

distinguish between the stages of an RI event, including at RI onset, during the middle of 

an RI event, and the ending period of an RI event. Failing to distinguish these different 

stages will cause challenges when studying the evolution of an RI event/storm. Second, it 

has been well recognized based on satellite observations that a high degree of 

axisymmetry of precipitation, convective, and thermodynamic parameters is associated 

with the subsequent RI (Kieper and Jiang 2012; Zagrodnik and Jiang 2014; Alvey et al. 

2015; Tao and Jiang 2015; Zawislak et al. 2016; Tao et al. 2017; Xu et al. 2017; 

Shimada et al. 2017; Fischer et al. 2018; Jiang et al. 2018). On the other hand, case 

studies using aircraft observations and numerical simulations (Sanger et al. 2014; 

Stevenson et al. 2014, Susca–Lopata et al. 2015; Miller et al. 2015; Rogers et al. 2015; 

Rogers et al. 2016; Guimond et al. 2016; Li et al. 2016; Tang et al. 2018a) have 

recognized asymmetric CBs and HTs in the inner core as important factors contributing to 

the subsequent RI. In light of these findings, we recommend that future research 

directions focus on: a) studying RI as an event, b) improving understanding of the 

conditions and precursors to RI through symmetrical processes, and c) improving 

understanding of the conditions in which asymmetric CBs and HTs in the inner core may 

lead to RI precursors. 

3.1.3  Eyewall Replacement Cycles (ERC) 

a) Introduction 

Satellite and in-situ observations demonstrate that concentric eyewall structures are 

common in intense tropical cyclones (TCs). These observations have shown that such 

structures are associated with pronounced changes in TC intensity and structure 

(Willoughby et al. 1982 and many studies afterwards). Observations also reveal that 

there are typically three distinct phases of intensity change associated with the secondary 

eyewall formation (SEF) and the subsequent ERC (Fig. 8). In phase I, intensification 

tends to slow near the onset of SEF. In Phase II, substantial weakening often occurs as 

the ERC progresses. In phase III, there is a likelihood of reintensification after the ERC 

completes, concurrent with a persistent contraction of the new primary eyewall (e.g., 

Sitkowski et al. 2011; Yang et al. 2013; Zhou and Wang 2013; Kossin and DeMaria 

2016). At the time of the previous report for this subtopic (Stern et al. 2014), numerical 

models had started to be able to develop concentric eyewall structures, although ERCs 

were relatively rare in numerical simulations of TCs compared with the observed 

frequency. More recently, numerical models have demonstrated increased capabilities for 

generating concentric eyewalls and for predicting the associated intensity change. 

This subsection synthesizes the peer-reviewed published literature of the past four 

years (2014–2018) to summarize the advancements in understanding that have been 

made of the TC intensity changes closely connected with the SEF and ERC. This synthesis 

includes an updated understanding of the climatology of intensity changes and the 

wind-pressure relationship during an ERC, observed ERCs with subtle intensity change, as 

well as the performance of (and uncertainty in) predicting ERC-associated intensity 

changes in  state-of-the-art numerical models. 

b) Climatological ERC Model and Wind–Pressure Relationship during ERCs 

Noticing the disparity in intensity changes between the recon-anchored best-track 

data  and the SHIPS model  (DeMaria et al. 2005) (Fig. 9), Kossin and DeMaria (2016) 
2 3

2
 The recon-anchored data herein are the NA best-track data (HURDAT2) during periods in which 

the hurricanes were actively sampled by aircraft reconnaissance. 
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developed a climatological model to reduce TC intensity change forecast errors in SHIPS 

during the weakening phase of ERCs (Phase II in Fig. 8). The weakening phase of an ERC 

event in observations is generally concurrent with either slow intensification, slow 

weakening, or a steady state intensity in SHIPS forecasts, suggesting that the weakening 

during an ERC is driven mostly by processes internal to the TC. Such weakening is 

distinct from the remainder of the weakening phase in the life cycle of TCs that occurs 

primarily due to the hostile external atmospheric conditions, less conducive oceanic 

conditions, or landfall. 

Fig 8. Schematic of 

the mean evolution of 

TC intensity during 

an ERC. The three 

inset figures illustrate 

typical radial profiles 

of flight-level 

tangential wind. From 

Sitkowski et al. 

(2011), Kossin and 

Sitkowski (2012), 

and Kossin (2015). 

Figure 9 of Kossin 

(2015). 

 

 

 

 

Fig 9. Comparison of 12-h 

intensity change in the 

recon-anchored best-track 

(HURDAT) versus SHIPS 

predictions following the onset 

of ERC weakening. Figure 2 of 

Kossin and DeMaria (2016). 

 

 

 

This ERC climatology model, developed as a complement to SHIPS, is named 

E-SHIPS. The model was constructed based on 19 ERC events, in which aircraft 

reconnaissance data were intensively collected. Figure 10 demonstrates that E-SHIPS 

3
 SHIPS is one of the primary guidance models that NOAA/NHC (National Oceanic and Atmospheric 

Administration/National Hurricane Center) uses for operational intensity forecasts. 
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manifests its best skill when applied at the onset of ERC weakening. Such an application 

is only feasible, however, when a forecaster has a high level of confidence, not only in 

the occurrence of an impending ERC, but also in the onset time of the associated 

weakening, since E-SHIPS substantially underestimates hurricane intensity when applied 

too early (e.g., 6-h prior to the onset of ERC weakening). A compromise approach, which 

is also a more realistic scenario, is to apply E-SHIPS at times when an ERC has begun 

and the TC is showing clear signs of weakening. When applied at 6 h after the onset of 

ERC weakening, E-SHIPS shows a significant reduction in errors of intensity predictions. 

For instance, the mean absolute errors were reduced more than 50% at 18-h lead-time. 

Due to this demonstrated success, E-SHIPS is being utilized by NOAA’s NHC operations as 

a sub-algorithm of SHIPS. 

 

 

Fig 10. Error distributions for the ERC climatology model and SHIPS when the model is 

applied (a) at the onset of ERC weakening to 24 h after, (b) 6 h prior to the onset of 

weakening (too early), and (c) 6 h after the onset of weakening. Errors are relative to 

recon-anchored best-track values. Positive (negative) values denote where the 

model-predicted intensities are higher (lower) than the best-track data. Sample size, N, 

is shown for each forecast lead-time. The operational SHIPS data are available with 12-h 

resolution for pre-2005 storms, and with 6-h resolution out to 24-h lead-time and 12 h at 

longer lead times for 2005 and after. Mean absolute and root-mean-square errors are 

shown as numerical pairs above or below each boxplot (kt). Figure 4 of Kossin and 

DeMaria (2016). 

 

     Kossin (2015) showed that, during an ERC, the wind–pressure relationship (WPR) 

migrates away from the climatology used by the Dvorak technique, and toward a weaker 

maximum wind for a given minimum central pressure. The migration of the WPR during 

an ERC is quite different between hurricanes with intensities weaker and stronger than 

100 kt (51.4 m/s). The weaker hurricanes usually get stronger when going through the 

three typical stages of ERC-associated intensity change (Fig. 8), while the stronger 

hurricanes tend to become weaker.  Compared with the Dvorak climatology during the 
4

three phases of ERC intensity change, weaker hurricanes experience a large drop in 

minimum central pressure for a given increase in maximum wind speed. Meanwhile, 

stronger hurricanes tend to experience a slight increase in minimum central pressure 

given an equivalent magnitude of wind speed reduction (Fig. 11). On average, the 

weaker (stronger) hurricanes intensify (weaken) by 8 (10) kt [4.1 (5.1) m/s], while their 

minimum central pressure decreases (increases) by 15 (2) hPa. The modified WPR can be 

applied to operational intensity forecast for hurricanes undergoing an ERC. 

 

  

4
Please note the intensity change herein is calculated by subtracting the mean intensity in Phase I                 

from the mean intensity in Phase III (Figs. 1 and 4). The average of intensities at points 1 (3) and                    

2 (4) is used as a proxy for the mean intensity in Phase I (III) in Kossin (2015). In other words,                     

this intensity change presents the total change through the periods of intensification, weakening,             

and reintensification.  
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Fig 11. Mean WPR changes 

for TCs that begin an ERC as a 

weaker hurricane (V
max < 100 

kt (51.4 m/s) and as a 

stronger hurricane (V
max > 100 

kt (51.4 m/s)). The averages 

for the start and end are 

based, respectively, on values 

at points 1 and 2, and points 3 

and 4 in Fig. 8. From Kossin 

(2015). 

 

 

 

 

 

c) ERCs with Subtle Intensity Change 

Satellite-based observational studies reveal that, statistically, typhoons with long 

duration concentric eyewalls (Yang et al. 2013), or with a wider moat (Zhou and Wang 

2013), appear to maintain their intensity during the early ERC period, deviating from the 

mean behavior of all ERC cases. Supporting this finding, Tsujino et al. (2017) and Zhang 

and Perrie (2018) used radar observations of Typhoon Bolaven (2012) and Hurricane Ike 

(2008), respectively, and reported a lack of the typical intensity changes that might be 

expected during an ERC. Both studies identified the maintenance of the inner eyewall 

intensity and the nearly stationary radius of the outer eyewall as common factors. Using 

the CReSS model, Tsujino et al. (2017) reproduced the outer two eyewalls of the triple 

eyewalls and the associated intensity and structure evolution of Bolaven. They also 

carried out dynamical analyses to understand the responsible dynamical processes. 

Dougherty et al. (2018) reported on and studied the lack of intensity change associated 

with Hurricane Bonnie’s (1998) ERC (Fig. 12), which did not have a long-lived concentric 

eyewall structure. In this case, Bonnie’s intensity was largely maintained during the ERC 

(apart from a brief decrease), as the maximum wind speeds in the new concentric 

eyewall matched those in the old eyewall. After the ERC, the storm did not reintensify 

and the new eyewall underwent only limited contraction. 

d) Performance of and Uncertainty in Numerical Models 

Hazelton et al. (2018) evaluated TC forecasts in the 2-km resolution nested 

NOAA/Geophysical Fluid Dynamics Laboratory (GFDL) fvGFS (recently named as hfvGFS; 

finite-volume cubed-sphere dynamical core using the Global Forecast System (GFS) 

physical parameterizations) model covering most of the NA basin (hereafter, 

fvGFS-2km). They reported that an over-forecast of intensity during the ERC of Hurricane 

Earl (2010) was likely tied to an incorrect depiction of the secondary eyewall. In contrast, 

fvGFS-2km decently reproduced the weakening during the ERC in the forecast of 

Hurricane Matthew (2016) (Fig. 13). This weakening was attributed to the correct 

depiction of the SEF onset time and a satisfactory forecast of the ERC duration. The 

simulated ERC completed somewhat earlier than in the observed storm, resulting in a 

short-term (and unobserved) reintensification of the simulated storm after the ERC 

completed and before the environmental vertical wind shear became detrimental to 
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intensification. The ability to generate a secondary eyewall and the subsequent ERC in 

the Matthew forecast demonstrates that the fvGFS model is capable of predicting at least 

some of the internal structural changes of ERCs, along with the associated intensity 

changes. 

 

Fig. 12. Radius vs time 

Hovmöller of flight-level 

(700 hPa) tangential 

wind (m s-1) from 1500 

UTC 23 Aug to 1500 

UTC 25 Aug. Black lines 

denote the times during 

which Bonnie’s SEF and 

ERC occurred at 0000 

UTC 24 Aug and 1200 

UTC 24 Aug, 

respectively. Fig. 5b of 

Dougherty et al. (2018). 

 

 

 

 

Fig 13. Maximum wind 

speed (kt) of Hurricane 

Matthew starting at 0000 

UTC 5 Oct 2016 and ending 

at 0000 UTC 10 Oct 2016 

from the NHC best-track 

(black) and the fvGFS 

forecast (red). The 2-km 

RMW from fvGFS forecasts 

and radar observations are 

shown by the red and gray 

triangles, respectively. 

Figure 13b of Hazelton et 

al. (2018). 

 

 

Using the WRF-ARW model, Zhang et al. (2017a) carried out a set of 20 idealized, 

ensemble simulations in an environment of moderate vertical wind shear on two different 

computer clusters. Thirty-eight out of the 40 simulations produced at least one ERC, or 

an ERC-like [termed as “partial ERC” in Zhang et al. (2017a)] event, during the 

integration. This suggests that mild uncertainty exists concerning whether or not an SEF 

will occur in this given shear environment. These results show that the onset time of SEF, 

intensity and structure of the concentric eyewalls, and the ERC evolution are highly 

sensitive to small, unobservable, and random perturbations of the initial conditions. In 

most of these cases, the first ERC or ERC-like event takes place right after the end of the 

3.1.21 



period of RI. The uncertainty in the onset time and duration of the RI period adds 

uncertainty to the ERC and, therefore, to the timing and amplitude of the associated 

intensity change (Fig. 14). 

 

Fig 14. Evolution of maximum 10-m wind 

(m s-1, running smoothed) on the (a) 

Stampede computer cluster and (b) Jet 

computer cluster. Lines with the same 

colors are the simulations with same 

initial conditions. (c) Comparison of the 

ensemble mean (solid line) and standard 

deviation (dash line) of 10-m wind for 

each ensemble. Figure 1 of Zhang et al. 

(2017a). 

 

e) Summary of Recent Findings on 

ERCs and TC Intensity Change 

The E-SHIP model and the migration of 

the wind-pressure relationship during 

ERCs both provide helpful guidance for 

intensity forecasts of hurricanes 

undergoing an ERC. It is unclear how 

well, or whether, the ERC climatology 

represents TCs in the WNP or other ocean 

basins where low-level inner-core aircraft 

data are rarely collected. Furthermore, 

uncertainty about the onset time of the 

SEF and ERC, variance in observed 

intensity changes, and variations in the 

documented durations for each phase 

(e.g., Sitkowski et al. 2011; Kossin and 

DeMaria 2016) are major sources of 

forecast errors in the simple ERC 

climatology model. The Microwave-based 

Probability of Eyewall Replacement Cycle 

(M-PERC) model , developed by the Cooperative Institute for Meteorological Satellite 
5

Studies (CIMSS), provides the probability of the onset of an ERC based on 

microwave-based predictors [CIMSS/Automated Rotational Center Hurricane Eye 

Retrieval (ARCHER); Wimmers and Velden 2016]. Details about this model are given in 

the Rapporteur Report for Topic 3.3: “Intensity guidance in operational perspectives”. 

While outer eyewall formation is no longer a rare event in state-of-the-art numerical 

models, it remains challenging to make accurate predictions of the occurrence and the 

details of an ERC event [e.g., the onset time of SEF and ERC; the location and 

contraction speed of the outer eyewall; the dissipation (intensification) rate of the inner 

(outer) eyewall; the duration, etc.]. SEF and ERC events have been suggested to be 

regulated by different factors and mechanisms, such as outer rainband heating (e.g., 

Rozoff et al. 2012; Zhu and Zhu 2014), which may be closely tied to environmental 

vertical wind shear (Fang and Zhang 2012; Didlake et al. 2018) and relative humidity 

(Hill and Lackmann 2009; Ge 2015); the storm intensity and structure (e.g., Kuo et al. 

2008; Zhu and Zhu 2015; Ge et al. 2016; Guan and Ge 2018); boundary layer dynamics 

(e.g., Huang et al. 2012; Kepert 2013; Slocum et al. 2014; Abarca and Montgomery 

5 M-PERC model products are available at http://tropic.ssec.wisc.edu/real-time/archerOnline/web/index_erc.shtml. 
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2015; Kepert 2017); diurnal radiation cycles (Tang et al. 2017); and, the Wind-Induced 

Surface Heat Exchange (WISHE) mechanism (Cheng and Wu 2018). Uncertain 

representation of model physical processes (Zhu and Zhu 2015), uncertainty about the 

initial model conditions, and the chaotic nature of fluid dynamics (Zhang et al. 2017a) all 

add uncertainty to predictions of SEF and ERCs, and therefore, to intensity predictions 

during an ERC. Dynamical processes and factors affecting SEF and ERC are discussed in 

the Rapporteur Report for Topic 4.1: “The structure analysis and change: Secondary 

eyewall formation and expansion of the wind field”. 

3.1.4  Relation of Rainbands to Intensity Change 

a) Introduction 

     Immediately outside the TC eyewall exists a region with a filamentation time less than 

the typical overturning time scale of individual convective clouds (Rozoff et al. 2006; 

Wang 2008; Li and Wang 2012a,b); this region is known as the rapid filamentation zone 

(RFZ). Inner rainbands are prominent in this zone because of straining deformation (Li 

and Wang 2012a,b; Moon and Nolan 2015a,b; Li et al. 2017). The TC outer core lies 

radially outside of the RFZ (approximately three times the RMW; Wang 2008; 2009), 

where outer spiral rainbands predominantly develop. Outer rainbands can be classified 

into two types: principal rainbands and distant rainbands (Houze 2010). Principal 

rainbands are stationary relative to the TC center and extend outward with a striking 

azimuthal wavenumber-1 signature. Distant rainbands are located farther from the center 

and contain more vigorous convective elements. Many studies confirm that the activity of 

spiral rainbands can significantly influence TC structure and intensity (Wang 2012; and 

cited references therein). This subsection discusses recent advancements in 

understanding on the role of rainbands in TC structure and intensity change. 

b) Relationships Between Spiral Rainbands and TC Intensity Change 

  

     While the potential vorticity (PV) structure of TCs suggests that rainbands play a 

major role in size changes (Hill and Lackmann 2009), rainbands can also interact with the 

inner core of the TC to impact intensity. Kossin et al. (2000) show that eyewall–rainband 

interaction can arise from vortex Rossby wave interaction—a process that can result in 

the weakening of the primary eyewall. In attempts to unravel the relationship between 

spiral rainbands and intensification in observations, lightning activity has been used as a 

measure of convective activity/latent heat release in the outer-rainband region. Lightning 

activity—especially in the rainband regions—has been documented to be a potential 

indicator of TC intensity change. Xu et al. (2017) used global TRMM data to investigate 

TC lightning characteristics and their relationships with intensity change. The results 

demonstrated that TC total lightning flash density is maximized in the outer-rainband 

region and minimized in the inner-rainband region. Inner-core (outer rainband) lightning 

is generally negatively (positively) correlated to TC intensity change in the next 24 h 

(+24 h), with intensifying TCs having lower flash density than weakening and neutral 

TCs. This finding is consistent with the relationship found by DeMaria et al. (2012) and 

Stevenson et al. (2016) for Atlantic basin TCs, and a Hurricane Maria (2017) case study 

by Fierro et al. (2018) that leveraged preliminary Global Lightning Mapper data. 

However, DeMaria et al. (2012) did not find this relationship to hold true in the Eastern 

North Pacific basin [although Stevenson et al. (2016) did], and the discrepancies between 

various lightning studies still need to be addressed. Griffin (2017) examined tropical 

overshooting tops in longwave infrared imagery from geostationary satellites for rapidly 

intensifying and weakening TCs and confirmed the results of Xu et al. (2017). Griffin’s 
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study also showed that TRMM parameters of the convective depth and vertically 

integrated ice content in both the inner core and outer rainbands are both greater in 

intensifying TCs compared with TCs with a neutral intensity trend. Yang et al. (2018) 

examined the stratiform and convective characteristics of TCs in the WNP and found that 

the highest fraction of stratiform raining areas was located in the inner-band region; this 

promotes TC intensification. Didlake et al. (2018) found that increased rainband activity 

and organization occurred during the RI of Hurricane Earl (2010), consistent with 

Stevenson et al. (2014) and Yang et al. (2018). While a link has been found between 

rainband lightning activity and intensity change, the physical mechanisms behind this 

relationship need to be explored further. 

c) Effects of Heating/Cooling in Rainbands on TC Intensity Change 

     Diabatic heating and cooling within the TC circulation have long been known to play a 

critical role in TC structure and intensity change (e.g., Malkus and Riehl 1960; Riehl and 

Malkus 1961; Yanai 1961; Möller and Shapiro 2002; Bui et al. 2009). Furthermore, 

diabatic heating and cooling in the various regions of a TC may play different roles in TC 

structure and intensity, and their associated changes (Eliassen 1951; Vigh and Schubert 

2009; Pendergrass and Willoughby 2009; Wang 2009; Fudeyasu and Wang 2011; Rogers 

et al. 2013). Since the convection in TC rainbands is heterogeneous, the manner in which 

the rainband-associated diabatic heating and cooling affects TC structure and intensity 

change remains an unresolved issue in TC dynamics (Moon and Nolan 2010; Li et al. 

2014a). Li et al. (2014a) revealed that the removal of heating (cooling) in the inner 

rainband region reduces (increases) storm intensity. This result is in a sharp contrast to 

the roles of diabatic heating and cooling in outer spiral rainbands, where an increase in 

heating (cooling) leads to a less intense (more intense) TC (Wang 2009). 

 

     Chen et al. (2018a) conducted a series of numerical sensitivity experiments to extend 

Li et al. (2014)’s study by evaluating the respective effects of convective and stratiform 

heating and cooling in the inner-rainband region on TC structure and intensity. They 

found that removing the convective heating within the inner-rainband region can 

effectively eliminate the inner-rainband activity and produce a moat-like zone outside the 

eyewall. Eyewall updrafts are significantly suppressed, the inner-core size is reduced, and 

the TC decays. When the convective heating in the inner-rainband region is increased by 

50%, the storm first intensifies at a relatively slow rate, and then the TC inner-core size 

quickly expands outward. Hence, the conversion ratio of diabatic heating to kinetic 

energy can be effectively increased, which is responsible for RI. Removal of stratiform 

heating in the inner-rainband region leads to a slower intensification with a moderate 

final intensity. The decreased stratiform cooling elevates the equivalent potential 

temperature (θ
e) in the mid- to lower-troposphere and favors the formation of a thick, 

high-entropy boundary layer. As a result, the inward transport of high-entropy air in the 

boundary layer triggers RI. As the simulated storm intensifies further, the low-level θ
e
 

outside the eyewall begins to decrease as a result of compensating subsidence, such that 

the simulated TC eventually terminates RI and then maintains a roughly steady state. 

The doubled stratiform cooling in the inner-rainband region is effective in eliminating TC 

RI because of the low-entropy air that prevails from the surface to the mid-troposphere 

during the early stage. If both the stratiform heating and cooling are removed, the 

structure and intensity changes bear close resemblance to the results in which the 

stratiform cooling was halved. Doubling both the stratiform heating and cooling generates 

the weakest storm. 

 

     Chan and Chan (2016) examined the sensitivity of the simulated TC intensity to 

microphysical schemes. They pointed out that, although the simulated TC track is not 

sensitive to the microphysical schemes, its intensity is significantly influenced by the 
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choice of microphysical scheme. The simulated TC intensity is similar in the simulations 

using the WRF Single-Moment 5-class and WRF Single-Moment 6-class schemes, and is 

higher than those using the Ferrier scheme. The WRF Single-Moment 5-class and 

Single-Moment 6-class schemes generate more diabatic heating in rainbands than the 

Ferrier scheme. More diabatic heating could lead to larger upward motion, and hence 

result in higher upper-tropospheric divergence, lower-tropospheric convergence, and 

precipitation rates. This, consequently, leads to stronger inflow in the lower troposphere, 

enhances an inward transport of absolute angular momentum, and, thus, higher TC 

intensity. 

 

     Although the potential effects of diabatic processes associated with spiral rainbands 

on TC intensity changes have been examined with idealized numerical experiments, 

further observational evidence from real cases is needed to confirm the insights offered 

by these simulations.  

d) Role of Rainband Rainwater Evaporation in TC Intensity Change 

     Li et al. (2015) revisited the effects of the evaporation of raindrops in different 

regions on TC structure and intensity by performing several sensitivity numerical 

experiments. Evaporation of raindrops in the outer-rainband region is shown to suppress 

the final intensity of a TC, whereas the effects of evaporation in the inner rainbands on 

TC intensity are very limited. The low-θ
e air in the boundary layer that results from 

evaporative cooling is transported radially inward and mixed into the eyewall region, 

reducing θ
e under the eyewall, and thus, reduces TC intensity. Evaporation in the inner 

rainbands hardly affects the activity of outer rainbands. Outer rainbands can still form 

when evaporation is switched off in the outer-core region. This result seems to suggest 

that the cold-pool dynamics associated with evaporation lead to the growth and/or 

sustenance of outer rainbands, rather than to their initiation. Li et al. (2015) also showed 

that excluding evaporation in inner rainbands has a very weak effect on the inner-core 

size of a storm. Evaporation in outer rainbands, however, generally limits the inner-core 

size. 

e) Radar Observations of TC Spiral Rainbands 

     Yu et al. (2018) used long-term radar observations (2003–2015) to investigate a 

considerable number of outer rainbands from different TCs as they approached Taiwan 

island. Their study revealed that outer rainbands and squall lines frequently share similar 

structures. Outer rainbands with squall-line-like airflow patterns are common (~58%) 

and are generally characterized by convective precipitation and an obvious convergence 

zone between the band-relative rear-to-front flow and front-to-rear flow at low levels, 

with updrafts that tilt either frontward or rearward. The majority of non-squall-line airflow 

patterns are characterized by less convective precipitation and a deep layer of either 

front-to-rear flow (14%) or rear-to-front flow (16%) within the rainband. 

 

     Tang et al. (2018b) also showed that the mesoscale structure of the principal 

rainband shares some similarities with squall lines. They used airborne radar reflectivity 

fields and visible satellite images of Typhoon Hagupit (2008) to identify multiple 

quasi-linear subbands within the principal rainband. These subbands possessed upright 

and elevated updrafts and reflectivity cores. The flow pattern could be characterized as a 

hybrid structure, with some similarities to both inner and outer rainbands. The subbands 

contained a midlevel jet on the inner side of the reflectivity core that is likely accelerated 

by the heating of stratiform precipitation. They also contained a low-level jet that is 

attributed to the heating of convective precipitation (Fig. 15). 
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Fig 15. Tangential wind speed (contours) overlaid on the reflectivity (color) averaged 

along the subbands of the principal rainband from Typhoon Hagupit (2008). Only wind 

speeds greater than 24 m s-1 are shown. Figure 9 of Tang et al. (2018b). 

 

     Tang et al. (2018b) also found that that the subbands in Hagupit’s principal rainband 

accumulate PV at lower levels. At midlevels, the significant horizontal advection of 

absolute angular momentum associated with the PV anomalies may act to intensify the 

TC. Compared to a previous analysis of a single subband (Tang et al. 2014), multiple 

passes from the aircraft document substantial variability in the strength of convection 

and estimated PV generation. This variability is attributed to variations in low-level shear 

and cold-pool interactions. In the ‘optimal state’ with the strongest upright convection, 

the low-level shear is approximately balanced by the cold pool, similar to the dynamics of 

a squall line. However, variations in the convective life-cycle and local environment of the 

principal rainband modulate the strength of the dynamical impacts pertaining to PV 

generation and absolute angular momentum advection. Low-level outflow associated with 

the secondary circulation of the subband may also hinder intensification by posing a 

barrier to the inflow. 

 

     The microphysical characteristics of TC rainbands may also affect intensity change. 

Brown et al. (2016) compared multiple microphysics parameterizations in WRF with 

polarimetric radar observations and found substantial differences in the probability 

distributions of simulated rain drop sizes and amounts. In aggregate, the schemes that 

produced the greatest rainfall accumulations resulted in the most intense simulated TCs. 

This suggests a link between total convective heating in the eyewall and rainbands, and 

intensity. That study did not partition the heating and microphysics contributed by the 

eyewall, inner rainbands, and outer rainbands, but another study (Wu et al. 2018) found 

that ice-phased microphysical processes above the melting level (including aggregation 

and riming) constitute the major pathway of rainfall production over land in the outer 

rainband. However, Wu et al. (2018) found that the microphysical processes were 

different from that of the inner rainband analyzed in Wang et al. (2016). The latter study 

documented a predominance of warm-rain processes in the inner rainband, which tends 

to concentrate heating at lower levels. In the intermediate region near the principal 

rainband, ice processes associated with stratiform rain may play a critical role in initiating 

a secondary eyewall; as discussed earlier in this report, this can have a profound 

influence on TC intensity (Didlake et al. 2018). 

 

     Radar observations suggest that microphysics, heating, and the dynamics of inner, 

principal, and outer rainbands have a complicated relationship, with no single factor 

dominating the influence on TC intensity. As viewed from either the PV generation or 

angular momentum advection frameworks, the overall effect of convective heating 

appears to be a spin-up the local low- and mid-level circulation. Mid-level jets associated 

with stratiform heating can also spin-up the local circulation through angular momentum 

advection above the frictional boundary layer. This local spin-up may have a positive 
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influence on the overall outer core strength of the TC by increasing the total circulation. 

However, the local spin-up through rainband convective or stratiform heating may come 

at the expense of the eyewall intensity due to the interception and reduction of the 

low-level inflow at an outer radius. The past four years have seen extensive observational 

analysis on the dynamic and microphysical structure of rainbands. Such studies have 

shown that significant variability exists in ‘snapshots’ of rainband structure at different 

radii and at different stages of the convective life-cycle. This variability in the observed 

structures renders the determination of causal relationships between rainbands and 

intensity very difficult.  

f) Summary of the Role of Rainbands in TC Intensity Change 

     Spiral rainbands comprise one of the major components of a TC, and their structural 

characteristics play significant roles in TC structure and intensity change. As such, 

rainbands have been examined by a number of observational and modeling studies over 

the past four years. Radar observations show that the finescale structures of outer 

rainbands frequently resemble squall lines. Additionally, these studies have concluded 

that ice-phased microphysical processes above the melting level dominate the major 

pathway of rainfall production in the overland outer rainband, in contrast to the 

predominance of warm-rain processes that occur in the inner rainband. Observations also 

indicate that the lightning flash density is maximized in the outer-rainband region and 

minimized in the inner-rainband region. Additionally, outer rainband lightning is found to 

be positively correlated to TC intensity change in the next 24 h. Idealized numerical 

simulations have demonstrated that convective heating in the inner rainband region 

generally promotes an increase to TC intensity; meanwhile, stratiform cooling in inner 

rainbands tends to hinder TC intensification. Evaporation of raindrops in the outer 

rainband region tends to suppress the final TC intensity, but the effects of evaporation in 

the inner rainbands are not significant. Although the physical link between spiral 

rainbands and TC intensity change has been established mainly through idealized 

numerical experiments, definitive observational evidence will be required to confirm these 

findings. The interactions between spiral rainband behavior (particularly microphysical 

processes within rainbands) and other TC components, and how these interactions affect 

TC intensity change, remain open issues (especially since rainbands are also strongly 

affected by the environment). Therefore, we recommend that specific, targeted 

observational and modeling investigations be undertaken to better understand 

interactions between spiral rainbands and their parent TCs and the specific mechanisms 

by which rainbands influence TC intensity. 

3.1.5  Eyewall Instability and Inner-Core Mixing 

a) Introduction 

     Mature tropical cyclones (TCs) tend to develop nonmonotonic PV profiles in the 

vicinity of the eyewall and, thereby, are susceptible to instabilities. For instance, the 

pronounced peak in the radial PV distribution may accommodate counter-propagating 

vortex Rossby (VR) waves with the ability to phase lock and induce mutual growth. This 

classic barotropic instability mechanism has been thoroughly investigated in the adiabatic 

two-dimensional (2D) nondivergent framework (where absolute vertical vorticity and PV 

are equivalent; e.g., Schubert et al. 1999) and is often assumed to be responsible for the 

generation of asymmetric features observed in real TCs (e.g., Reasor et al. 2000; 

Hendricks et al. 2012) as well as mixing induced within the inner core. Although this is 

one plausible explanation (for the origin of asymmetries), real TCs are essentially moist, 

three-dimensional (3D) continuously stratified vortices that possess distinct mean 
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secondary circulations. As such, the applicability of simplified 2D arguments awaits 

rigorous comparison to more realistic theories and numerical simulations. This subsection 

summarizes advances in understanding eyewall instability and inner-core mixing 

processes over the last four years. 

 

b) Effect of Instability on TC Intensity Change in a Shallow Water (SW) 

System with Forced Mass Sink (2D case) 

     As a first step towards understanding the effects of diabatic heating on inner-core 

instabilities, Hendricks et al. (2014) applied a mass sink (intended to parameterize moist 

convection) to a one-layer shallow water system. Depending on specifics of the 

parameterization, the impact of eyewall instability on TC intensity can exhibit either 

distinct similarities or differences when compared to the outcome of barotropic instability 

in the adiabatic 2D system. In particular, it was shown that when instabilities were 

triggered by a prescribed mass sink that has an annular shape  the onset of instability 
6

was marked by a decrease of the maximum velocity, while simultaneously deepening the 

central pressure deficit. This finding is consistent with the outcome from the unforced 2D 

case. On the other hand, when the forcing was designed to be proportional to the relative 

vorticity, the instability resulted in an overall intensification of the vortex (contrary to the 

unforced 2D case). 

 

c) Effect of Instability on TC Intensity Change in a SW System with 

Precipitation and Evaporation (2D case) 

     The results of Hendricks et al. (2014) are interesting and potentially relevant. 

However, the fact that they largely rely on the characteristics of an ad hoc mass sink (the 

forcing) introduced in the SW system is a significant shortcoming. Lahaye and Zeitlin 

(2016) appear to have recognized this limitation and have presented results with a 

one-layer shallow water model augmented by adding a prognostic humidity equation, as 

well as self-consistent (but crude) parameterizations for precipitation and evaporation. In 

agreement with Hendricks et al. (2014), they found that the instability released within a 

moist precipitating simulation (that includes evaporation) results in intensification of the 

vortex. Perhaps one notable difference resides in the long-term impact of the instability 

on the vortex structure. In the case of Lahaye and Zeitlin (2016), the initial annular 

vortex relaxes into a monopolar structure, whereas in Hendricks et al. (2014) the annular 

vortex reforms after its initial breakdown. 

 

d) Effect of Instability on TC Intensity Change in 3D Cloud-Resolving 

Models 

     The one-layer SW model is arguably a simple and useful tool that retains significant 

dynamical features of the primitive equations. Despite this, it can only describe an 

oversimplified version of the real atmosphere. A more complete evaluation of the impact 

of moist convection on inner-core instabilities requires the usage of 3D cloud-resolving 

models. Naylor and Schecter (2014) and Wu et al. (2016) applied this option in order to 

provide further insight. To elaborate, Naylor and Schecter (2014) quantitatively 

compared the instabilities in full-physics simulations to those in dry simulations where the 

vortices have the same azimuthal wind structure. Of interest, they found that moist 

convection has little impact on the initial exponential growth of inner-core asymmetries 

(similar growth rates of the asymmetries between moist and dry cases; Fig. 16). A 

detailed analysis of eddy kinetic energy reveals that the radial shear of mean angular 

6
 It should be noted that not all cases with annular forcing presented in the paper resulted in an 

instability. For example, a broad and weak annular forcing may lead to a thick vortex ring that can 

remain stable. 
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velocity is a primary source in the budgets, whereas the production terms associated with 

the mean secondary circulation are relatively small. The secondary circulation only 

becomes important at later times in that it restores the vorticity annulus (in contrast with 

the dry simulations where the vortices relaxed into monopoles) and arrests the intensity 

change associated with horizontal PV mixing.  On the other hand, Wu et al. (2016) 
7

compared the vortex evolution in a number of simulations with variable convective 

heating.  In contrast to Naylor and Schecter (2014), their experiments appear to 
8

emphasize the significant role of the mean secondary circulation in maintaining the initial 

annular vortex structure. Note that both the results of Naylor and Schecter (2014) and 

Wu et al. (2016) are based on a relatively small sample of experiments and, thus, there 

is no firm reason to believe that they are general. For a more general picture, a 3D 

perturbation theory that incorporates both moisture and the vortex mean secondary 

circulation is needed. Fortunately, such a tool has been recently developed successfully 

by Schecter (2018) and awaits a thorough investigation.  

 

 

 

 

Fig 16. Time series of the squared 

amplitude of select components from 

the Fourier expansion of tangential 

velocity. Moist simulations are in the 

left plots, and dry simulations in the 

right. Here, it can be seen that before 

nonlinear saturation is apparent, the 

fastest growing modes have wave 

numbers ranging from 4 to 6 and 

e-folding times ranging from 15 to 20 

min. The growth rates of the 

dominant modes are very similar 

between the moist simulations and 

their dry counterparts. Adapted from 

figure 4 of Naylor and Schecter 

(2014). 

 

 

 

 

 

 

e) Effect of Instability on TC Intensity Change due to Waves 

     While the previous discussion focused on barotropic instability and subtler variants, 

this mechanism is not the only one supported within an annular vortex. Another 

instability mechanism involves a VR wave in the vortex core that spontaneously emits a 

frequency-matched spiral inertia gravity (IG) wave into the environment (e.g., Schecter 

and Montgomery 2004). The IG wave radiation is destabilizing because it’s wave activity 

is negative. To conserve total wave activity, the positive component associated with the 

VR wave must grow. It is not always clear whether barotropic instability or 

7 Note that, in their study the simulations were initialized with quasi steady state vortices. By the end of the moist 
simulations, the maximum winds are approximately the same as in the initial conditions. On the other hand, the 
maximum winds in the dry simulations steadily decreased. 
8 In particular, the convective heating within a selected microphysics scheme was adjusted by a constant factor at 
each grid point in the domain. 
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radiation-driven instability should prevail (in the context of annular vortices). Menelaou et 

al. (2016) attempted to address this question with a comprehensive 3D linear stability 

analysis (applied to annular barotropic vortices whose basic state is in gradient and 

hydrostatic balance), and a suitably designed wave-activity diagnostic. The picture that 

emerges from their study suggests that increasing the Froude number (Fr) beyond unity 

tends to cause a transition (which can be abrupt or gradual depending on specifics) from 

nonradiative instabilities to radiation-driven instabilities  (Fig. 17). The essence of this 
9

figure can be captured following the relative importance of the term RAD (circle symbol), 

which represents the contribution to the growth rate from inertia-gravity wave radiation. 

From the left panel, it can be seen that the dominant eigenmode of this cyclone exhibits 

an abrupt transition at a critical Froude number. For Fr < 1.5, the magnitude of RAD is 

very small compared to that of other partial growth rates. As Fr increases beyond its 

critical value, n (which denotes the azimuthal wavenumber) changes from 4 to 2 and the 

status of RAD immediately elevates from negligible to dominant. On the other hand, from 

the right panel it can be seen that the prevailing instability of this cyclone gradually 

transitions from a nonradiative process to a radiation-driven affair as the Froude number 

becomes greater than 2. The transition is relatively smooth despite a sequence of abrupt 

drops in the azimuthal wavenumber from 5 to 4 to 3 to 2 followed by a jump to 3 and 

return to 2. Nevertheless, for certain case studies, it was further shown that the 

dominant modes of instability can also involve multiple mechanisms operating 

simultaneously  (e.g., radiative and barotropic instability). 
10

 

 

Fig 17. Froude number, Fr, dependence of the generic instability of an annular cyclone 

with (left) thin annulus and a shallow central vorticity hole, or (right) thin annulus and a 

deep central vorticity hole. Growth rate (GR; star symbol) and partial growth rates 

(remaining symbols) scaled to the basic state angular velocity. The partial growth rates 

are calculated from suitable angular pseudo-momentum budgets. See text for more 

details. Adapted from figure 8 of Menelaou et al. (2016). 

 

     While it is important to understand the time scale and spatial structure of the 

dominant inner-core instability, it may be more important to understand its consequences 

on TC structure and intensity. Although the linear stability analysis of Menelaou et al. 

(2016) revealed that the VR–IG wave instability may become relevant in the parameter 

regime of a major TC, it says nothing about its long-term (and nonlinear) effects. 

Menelaou and Yau (2018) attempted to further elucidate this using a conventional 3D 

9
 Here, the analysis excludes moisture and is applied to annular vortices without a peripheral 

vorticity skirt. Adding parameterized eyewall moisture or an outer vorticity skirt can switch the 

order of dominance between nonradiative and radiation-driven modes of instability. 
10

 Note that for a multi-mechanistic mode, assessing the role of each mechanism in destabilizing 

the vortex requires special care and can lead to inconsistencies without the right diagnostic 

(Schecter and Menelaou 2017). 
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primitive equation nonlinear model initialized with dry non-convective annular TC-like 

vortices. At first, their study verified that spontaneous radiative imbalance can indeed be 

the dominant destabilizing mechanism even within a nonlinear model. After 

destabilization, they demonstrated that its long-term nonlinear effects can lead to the 

formation of mesovortices, vortex merger, and mixing processes that can relax the initial 

annular vortex into one with a monotonic distribution (similar to the long-term outcome 

of classical barotropic instability; Fig. 18). 

 

 

 

Fig 18. Long-term nonlinear evolution 

of spontaneous radiative imbalance 

excited in an annular cyclone perturbed 

by an initial n = 3 thermal pulse. (top 

left) Horizontal cross section of 

normalized relative vorticity 𝜁=𝜁
[max;t=0 h]

 

at initial time t = 0 h. (center and right 

column) Normalized relative vorticity vs 

time. The cross sections are taken at a 

selected vertical level. The 

normalization factor 𝜁
[max;t=0 h] is the 

initial maximum value of the relative 

vorticity. Figure 11 of Menelaou and Yau 

(2018). 

 

 

 

 

e) Summary of the Role of Instability and Mixing Processes on TC 

Intensity Change 

     Recent work has extended numerical analyses of inner core instability processes from 

2D barotropic frameworks to more realistic 3D frameworks that include moisture and 

parameterized mass sinks. Whereas, barotropic instability in a 2D framework leads to 

deepening of the pressure deficit but a decrease in intensity, results from simulations in 

more realistic frameworks show that instability processes may cause intensification under 

certain assumptions [cf Lee and Wu (2018), as discussed in subsection 3.1.2e]. 

Considerable uncertainty remains as to whether the secondary circulation prevents 

relaxation of the vortex to a monopole (or how quickly it might restore the vortex back to 

an annular state) and as to the effects of moist convective processes on instability. 

Additional studies examined other types of instabilities caused by spontaneous IG 

radiation from VR waves. More work is needed to understand the long-term and nonlinear 

effects of VR-IG instability. Because the PV structure is critical in understanding the 

vortex state (annular vs. monopole) during instability mixing events, future research 

should consider observational strategies to better assess the PV structure of TCs. 

3.1.6  Relationship between Surface Fluxes and Intensity 

Change 

a) Introduction 

     Latent heat energy is critical to drive TCs. Many studies have shown that sea-surface 

fluxes play an essential role in providing latent heat to the TC core where the energy is 
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converted into kinetic energy (e.g., Raymond and Herman 2012). It is also well 

understood that the surface friction dissipates the kinetic energy of TC (e.g., Ekman 

1905; Haurwitz 1935, 1936). Consequently, TCs are largely controlled by surface 

enthalpy and momentum fluxes as can be shown through potential intensity theory (e.g., 

Kleinschmidt 1951). While the community has long recognized the importance of surface 

fluxes in TC intensity changes, recent literature from the past four years (2014–2018) 

continues to provide new understandings of this topic. 

 

b) The Role of Surface Fluxes in TC Intensity Change 

     Since surface fluxes are parameterized through bulk aerodynamic formulae in most 

numerical and theoretical models, the effects of air–sea exchange coefficients on TC 

intensity and structure have remained a vital area of investigation. Despite knowing the 

critical importance of the surface drag coefficient, obtaining accurate measurements of 

this quantity at the higher wind speeds found in intense TCs remains problematic (e.g., 

Vickery et al. 2000; Powell et al. 2003; Bell and Montgomery 2008; Powell et al 2009; 

Bell et al. 2012; Rastigejev and Suslov 2014). Soloviev et al. (2017) studied the impact 

of wind-speed dependence of the surface drag coefficient on TC intensification. They 

found that the drag coefficient has a local minimum at approximately 60 m s-1, and that 

the resulting negative slope of the drag coefficient between 35 and  60 m s-1 
contributes 

positively to TC intensification; meanwhile, the positive slope above 60 m s-1 
favors 

weakening (Fig. 19).  

 

Fig 19. (Top) 

Wind-speed 

dependence of 

surface drag 

coefficient. (Bottom) 

Observed rate of 

change in wind speed 

10-m level at as a 

function of wind 

speed. Figure 7 of 

Soloviev et al. 

(2017). 

 

      Kwon and Kim 

(2017) demonstrated 

that a change in the 

momentum coefficient 

with wind speed 

affects the radial 

distribution of angular 

momentum (i.e., the 

size of TC), which 

changes the TC 

intensity. Using dropsondes from aircraft flights, in situ observations, and satellite data 

for Hurricane Earl, Jaimes et al. (2015) showed that the bulk enthalpy fluxes are 

controlled by the thermodynamic disequilibrium between the sea surface and the 

near-surface air, not by the wind speed. Ma et al. (2017) examined the impacts of 

revised parameterization of sea-surface fluxes including processes associated with sea 

spray on TCs, and showed that sea spray processes result in cooling and moistening of 

the near-surface air in the eyewall and eye regions; this increases the thermodynamic 

disequilibrium and enhances the surfaces fluxes, favoring RI. When the exchange 
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coefficients are treated stochastically in an ensemble modeling framework, the standard 

deviation of TC intensity forecasts decreases (Torn 2016). Meanwhile, when the ocean 

conditions are treated stochastically, the standard deviation of the intensity forecasts is 

greater. An increase in the drag coefficient results in a narrower radius and a lower 

height of maximum tangential wind (Coronel et al. 2016). Green and Zhang (2014) 

investigated the impacts of four parameters proposed to control the wind-speed 

dependence of exchange coefficients: two are multiplicative factors, while the other two 

control the coefficient at high wind speeds. They found that the impact of the 

multiplicative parameter for the drag coefficient on the WPR is larger than that for the 

enthalpy coefficient. The coefficients also affect the simulated warm-core structure and 

precipitation (Ming and Zhang 2016). Li et al. (2014b) showed that including the 

nonbreaking wave-induced mixing in the parameterization, which is caused by surface 

wave stirring, results in better forecasts of TC intensity. Zhang et al. (2017b) showed 

that incorporation of effects of sea spray increases the maximum cooling of SST in the 

right-hand side of Typhoon Rammasun (2002).  

 

c) Measuring and Parameterizing Surface Fluxes 

     Measuring the surface fluxes under strong wind conditions is a challenging topic. 

Potter et al. (2015) succeeded in making the first-ever direct measurements of 

sea-surface momentum fluxes during the Impact of Typhoons on the Ocean in the Pacific 

(ITOP) campaign. Their analysis shows evidence of a rolloff at wind speeds faster than 22 

m s-1. Mueller and Veron (2014) formulated a simple model developed from Lagrangian 

stochastic simulations. Their results show that the spray-mediated fluxes may be 

sensitive to the size distribution of the drops. Parameterizations of the surface exchange 

coefficients have been developed by several studies. Zweers et al. (2015) developed a 

parameterization incorporating effects of sea spray, which has a wind-speed dependence 

consistent with observations; they showed that a model using this parameterization can 

reasonably simulate TC intensity. Andreas et al. (2015) developed a physics-based bulk 

algorithm for the air–sea surface flux with spray-mediated transfer as well as the 

interfacial process by molecular motion. As their algorithm is physics-based, it can be 

extended to hurricane winds. Liu et al. (2017) investigated the sensitivity of simulated 

Hurricane Katrina (2005) to boundary layer schemes. They showed that the 

Mellor–Yamada–Janjic scheme results in stronger surface fluxes and vertical mixing, 

which enhances air-sea interaction. The measurement of surface fluxes under fast-wind 

conditions is still difficult and needs to be conducted in the future.  

 

     The effects of surface fluxes on intensity and structure of TCs have been investigated 

by several studies. Wada (2015a) showed that the RI of Typhoon Man-yi is associated 

with a mesovortex inside the RMW, which is attributed to barotropic-convective instability 

induced by relatively high SST and steep gradients of sea-level pressure and tangential 

wind. Wada (2015b) showed that the minimum value of tropical cyclone heat potential 

(TCHP) for intensification in the WNP is low (40–60 kJ cm-2) around 5–10°N, west of 

120°E and east of 140°E, whereas it is high (80–100 kJ cm-2) around 15–20°N. Ma et al. 

(2015) examined the relative roles of thermal and moisture effects by considering the 

sea-spray effects and showed that TC intensity is sensitive to latent heat flux, not total 

enthalpy flux. Xu (2015) showed that overland latent heat fluxes intensified Typhoon 

Haitang when it was near Taiwan island, while the sensible heat fluxes from the land 

weakened it. Chen et al. (2017) revealed that—compared to a case with fixed cold-wake 

SST—the decrease in TC intensity due to a cold wake is delayed when air-sea interaction 

is allowed in the simulation. This delayed weakening of the TC is attributed to a “wake 

jet” that transports moist air inward (Fig. 20). 
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Fig 20. Conceptual 

model of the physical 

processes associated 

with the atmospheric 

response in a translating 

TC from right to left with 

a trailing ocean cold 

wake (green) with an 

atmospheric cold pool 

(light blue). Figure 13 of 

Chen et al. (2017). 

 

 

 

 

 

 

d) Potential Intensity and Surface Fluxes 

     As surface fluxes play a dominant role in the PI theory (e.g., Kleinschmidt 1951), 

some researchers have studied PI theory by focusing on the fluxes. Based on 

observational data, Kowaleski and Evans (2015) showed remarkable differences in 

observed surface fluxes compared with fluxes 

calculated from PI theory, especially around the 

RMW. Strazzo et al. (2015) analyzed TCs generated 

by two global climate models and showed that the 

sensitivity of PI to SST is not statistically different 

from that of observed maximum intensity or 

limiting intensity. Chavas (2017) developed a 

simple theory of TC ventilation and showed that 

capping the surface flux reduces the PI and 

amplifies the detrimental effect of ventilation. 

Miyamoto et al. (2017) developed an analytical 

model of PI that incorporates the TC-induced 

sea-surface cooling (Fig. 21). They derived a 

nondimensional parameter that represents the 

degree of ocean cooling, which depends on TC 

intensity, size, translation speed, and ocean 

stratification. 

 

Fig 21. (a) TC intensity, (b) SST, and (c) 

mixed-layer depth as a function of translation 

speed of TC. The red and blue lines represents 

Emanuel’s PI and PI incorporating ocean cooling. 

The circles show numerical simulations using an 

ocean model. Figure 2 of Miyamoto et al. (2017). 
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     Many studies have examined the impacts of surface fluxes on the TC boundary layer 

since this region is directly affected by such fluxes. Lee and Chen (2014a,b) showed that 

the boundary layer is stable above the TC-induced cold wake in the right-rear quadrant, 

which suppresses rainbands and enhances inflow in the boundary layer (Fig. 22). 

Analyzing an integrated energy equation that encloses all of the TC Carnot legs, Kieu 

(2015) found that the dissipative heating in the boundary layer is inherently included in 

the energy budget in PI theory. Based on observations by the Global Positioning System 

dropsonde, Zhang et al. (2017c) showed the importance of the surface-flux induced 

boundary layer recovery in regulating the low-level thermodynamic field of TC. Zhu et al. 

(2016) showed that including TC-induced SST cooling may decrease the instability in the 

boundary layer to below the criterion required for the generation of roll vortices; in this 

scenario vortices can not form. In contrast, when TC-induced cooling is not considered, 

the criterion is satisfied and roll vortices can form. The effects of roll vortices on TC 

intensity and structure are not yet understood and hence further studies are needed.  

 

 

 

Fig 22. Schematic of boundary-layer flow in (a) a coupled model and (b) an uncoupled 

model. Figure 15 of Lee and Chen (2014a). 

 

e) Sea-Surface Temperature Response 

     A number of studies have shown that the radial distributions of surface fluxes play an 

important role in determining the intensity and size of TCs. To the degree that these 

surface fluxes depend on SST, which is a function of the ocean’s response to the 

TC-induced mixing and upwelling, the TC intensity depends on the time-evolving radial 

distributions of SSTs in a complicated fashion that depends on the disequilibrium of the 

air-sea interface. Sun et al. (2014) showed that the enhancing SSTs within the range of 

1.5–2.0 times the RMW contributes to an increase in TC intensity and a decrease in 

inner-core size, while enhancing the SSTs outside works in an opposite manner. Kanada 

et al. (2017)  showed that high SST inside the RMW increases CAPE and is more likely to 

produce strong convective updrafts, which can lead to RI. In contrast, high SSTs outside 

the RMW induces secondary updrafts that inhibit RI. Zhang et al. (2017b) investigated 

the energetics at the ocean surface and showed that the surface flux is approximately 

balanced with energy dissipation inside 2.3 times the RMW. Ma et al. (2015) examined 

the sensitivity of TC size to surface sensible heat flux and found that TC size shrinks by 

over 20% when the heat flux is removed. The adiabatic cooling associated with radial 

inflow is largely balanced with the heat flux. Zhao and Chan (2017) examined the 

relationship between SST cooling and the subsequent change in TC size. In their coupled 

simulations, an initially small TC retains its small size throughout its life cycle, whereas 
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the initially large TCs (Fig. 23) become more intense due to higher enthalpy fluxes in the 

inner core region.  

 

   

 

Fig 23. Time series of RMW in (a) uncoupled simulations, (b) simulations with 20-m 

mixed-layer depth, (c) with 50-m depth, and (d) with 100-m depth. The initial RMW is 

denoted as the digit with R. Figure 5 of Zhao and Chan (2017). 

 

     Several other studies have examined the TC-induced cooling. Potter et al. (2017) 

analyzed observational data in the Philippine Sea in 2010 and showed that the decrease 

in mixed layer temperature is well predicted by the TC’s translation speed and wind 

speed. They attributed 12–47% of the mixed layer heat loss to enthalpy fluxes, which is 

much greater than previous reports. Wei et al. (2017) used a machine learning technique 

to propose a parameterization of TC-induced SST cooling. This machine-learning-based 

parameterization performs better at predicting the SST cooling than a method based on 

linear regression. Jullien et al. (2014) conducted a multidecadal, coupled regional 

simulation in the South Pacific. They showed that anticyclonic ocean eddies have the 

effect of insulating against storm-induced upwelling and mixing. This tends to reduce the 

SST cooling. In contrast, cyclonic eddies promote stronger SST cooling. Lai et al. (2015) 

showed that the TC-induced SST cooling differs between coastal areas and the open sea. 

Seroka et al. (2016, 2017) illustrated the importance of representing the coastal regions 

by examining the effect of the Mid-Atlantic Bight on the intensity of Hurricane Irene 

(2011) and Tropical Storm Barry (2007). 
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f) Summary of the Role of Surface Fluxes and TC Intensity Change 

 

     The role of surface fluxes in TC intensity change continues to be a critical research 

topic. Advances in both modeling and observing surface fluxes have improved our 

understanding of the relationships between TC intensification and the drag and enthalpy 

coefficients. New physics-based parameterization have been developed which incorporate 

the effects of sea spray and interfacial effects (Andreas et al. 2015; Soloviev et al. 2017). 

In particular, the wind-speed dependence of the drag coefficient that results from sea 

spray effects appears to produce a local minimum near 60 m s-1; this may explain, in 

part, why TCs rapidly intensify from 35–60 m s-1, but weaken soon after reaching high 

intensity (Soloviev et al. 2017). Also, recent work has shown that bulk enthalpy fluxes 

are controlled by the thermodynamic disequilibrium between the sea surface and the 

near-surface air, not by the wind speed (Jaimes et al. 2015), and that sea spray 

processes can increase the thermodynamic disequilibrium favoring enhanced fluxes and 

RI (Ma et al. 2017). Additionally, TC intensity has been found to be sensitive to latent 

heat fluxes, but not total enthalpy fluxes (Ma et al. 2015). Models which incorporate the 

effects of sea spray can reasonably simulate TC intensity (Zweers et al. 2015), and 

models which include the mixing produced by nonbreaking waves can improve TC 

intensity forecasts (Li et al. 2014b).  

 

     Progress has also been made with regard to understanding of the role of surface 

fluxes on potential intensity and the impact of the SST response of the ocean. Dissipative 

heating in the boundary layer is found to be inherently included in the energy budget of 

PI theory (Kieu 2015). A number of studies have shown that the radial distributions of 

surface fluxes play an important role in determining the intensity and size of TCs (Sun et 

al. 2014; Lee and Chen 2014a,b; Kanada et al. 2017; Zhao and Chan 2017). Analysis of 

the energetics at the ocean surface shows that the surface flux is approximately balanced 

with energy dissipation inside 2.3 times the RMW (Zhang et al. 2017b). TC-induced 

cooling may also decrease the instability in the boundary layer to the point where roll 

vortices do not form (Zhu et al. 2016), however the overall effect of roll vortices on TC 

intensity change is not yet known.  

 

     Despite considerable progress over the last four years, considerable uncertainties still 

remain as to the wind-speed dependence of the surface drag and enthalpy coefficients. 

Observations of surface fluxes in high wind conditions remains a pressing need. 

Additional efforts are also needed to transition recent research advancements into 

operations. 

3.1.7  Mechanisms of Tropical Cyclone Intensification 

a) Introduction 

     The challenge of understanding the mechanisms by which TCs intensify has captivated 

the research community for much of the past half century. Scores of papers have been 

written proposing (or discussing) the various intensification mechanisms. Because of the 

difficulty in applying observational evidence to definitively answering the deep questions 

on intensification mechanisms, much of the research to date has utilized theories and 

numerical simulations. The incompleteness of theoretical approaches, limited 

observational sampling, and the imperfections of models have resulted in considerable 

epistemic uncertainty, leaving much room for debate. With this in mind, we enter this 

section realizing that terminology can be vital. For instance, referring to a description of 

one or more intensification mechanisms as a paradigm may have the implicit connotation 

(whether intended or not), that the theoretical or conceptual description being put 
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forward is the dominant paradigm (that is, that the view is already widely accepted or 

broadly held by the community) and that competing ideas are ‘wrong’. In reality, it is 

likely that a number of different intensification mechanisms are operating in concert with 

each other. A better word to describe the theoretical or conceptual description of a 

collection of intensification mechanisms would be framework. A more holistic view, then, 

is to realize that while previous frameworks may have been incomplete, recent 

frameworks largely expand on and refine previous frameworks. Understanding the 

relative contributions of each mechanism to the overall intensification of the TC should be 

a key goal, although this aspect has often been given lesser attention in studies. In this 

introduction, we do not attempt to review all variants of the intensification frameworks 

that have been proposed, but to provide context for the following discussion, we briefly 

review several of the key historical frameworks. For more thorough reviews of historical 

intensification frameworks, we refer the reader to the cogent discussions of Montgomery 

and Smith (2014) and Montgomery (2016). 

 

   The first main intensification framework was proposed separately, but nearly 

simultaneously, by Charney and Eliassen (1964) and Ooyama (1964), who posited that 

TC development and subsequent intensification involved a collaborative interaction 

between convection and the larger vortex scale. In this view, the combined effects of 

convective updrafts lead to the development of a secondary circulation that results in the 

import of angular momentum and moisture into the vortex. The associated influx 

moisture has the effect of invigorating the convection, while the import of angular 

momentum results in a spin-up of the vortex circulation. It was further hypothesized that 

these two effects result in an instability feedback loop, with stronger convection leading 

to more spin-up and vice versa. This collaborative effect was termed Convective 

Instability of the Second Kind (CISK), and was studied in a quasi-geostrophic balance 

model. CISK was criticized, in part, because it was a linear model (it used geostrophic 

balance).  

 

      Ooyama (1982) proposed a refinement to the CISK idea by adding gradient wind 

balance to the theory. As Montgomery (2016) points out, this theory, termed the 

“cooperative intensification theory for tropical cyclones”, had its roots in Ooyama’s 

(1969) paper, which studied TC intensification in an axisymmetric, balanced vortex in a 

stably-stratified atmosphere. The addition of gradient wind balance and recognition of the 

role of differential latent heating from the organized convection made this a nonlinear 

theory, but the basic idea is similar to CISK. For the purposes of this review, recent 

advancements to this intensification mechanism are covered below in subsection b) 

“Balanced Symmetrical Intensification Mechanism”. 

 

     The next major development occurred with Emanuel (1986), who recognized the 

critical role of air-sea latent and sensible heat fluxes in both the development and 

maintenance of TCs. In this view, the intensification of a TC can be viewed as a finite 

amplitude air-sea interaction instability. Later, Emanuel (1991) coined the term 

wind-induced surface heat exchange (WISHE), with Yano and Emanuel (1991) providing 

further explanation: ‘The acronym WISHE is intended to replace and unify the terms 

"air-sea interaction" used by E87 [Emanuel 1987] and "evaporation-wind feedback" used 

by Neelin et al. (1987).’ Subsequently, this framework has gone on to receive widespread 

recognition as a plausible explanation for the growth of hurricanes. The major limitations 

of the original WISHE theory are the assumption of axisymmetry and quasi-balance. The 

original WISHE theory has undergone revisions in recent years. Emanuel (2012) modified 

the theory to account for small-scale turbulence in the outflow layer, which sets the 

thermal stratification there, affecting both the maximum intensity and intensification 

rate. Zhang and Emanuel (2016) capped the wind speed used in the surface enthalpy flux 
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calculation, and derived a new maximum potential intensity (MPI) formula. Recent 

discussion on this intensification mechanism is covered below in subsection c). 

 

      This synthesis summarizes 40 papers that have been written since 2014 either on, or 

are related to, intensification mechanisms. In addition to advanced ideas on the historical 

intensification mechanisms, we also cover papers from a recently-proposed 

boundary-layer spin-up mechanism (subsection d) and the attempt to combine several 

key intensification mechanisms into a unified framework called the “rotating-convection” 

framework (subsection e). A summary follows, along with a recommendation on a 

possible path to resolve some of the long-standing debates.  

b) Balanced Symmetrical Intensification Mechanism 

     The Eliassen (1951) vortex model has provided numerous insights into the response 

of balanced, rotating dynamics to forcing, especially in the context of TCs. The balanced 

response to diabatic heating in a vortex with radially and vertically varying static stability, 

inertial stability, and baroclinicity reminiscent of observed tropical cyclones has assisted 

in providing a mechanism for intensification, RI, warm-core structures, and eyewall 

replacement (e.g., Shapiro and Willoughby 1982; Schubert and Hack 1982; Vigh and 

Schubert 2009; Sitkowski et al. 2012; Musgrave et al. 2012). With respect to 

intensification and maintenance of observed TCs, recent in situ aircraft and tail Doppler 

radar and ground-based lightning network TC studies (e.g., Rogers et al. 2013, 2015, 

2016; Martinez et al. 2017, Stevenson et al. 2018; Dougherty et al. 2018) have found 

ties between observations and the theoretical results that link TC intensification to the 

location of diabatic heating in relation to the high inertial stability region. 

 

      However, criticisms of the balanced, symmetric dynamics lie in the extent to which 

the conceptual ideas that arise from the balanced vortex model can be applied 

quantitatively to real TCs or in comparisons against numerical simulations (e.g., Smith et 

al. 2018). In addition to asymmetric arguments, the criticisms primarily focus on the 

inability of the balanced, symmetric model’s diabatic forcing to dynamically evolve in time 

with the vortex from one balanced state to the next as well as the framework’s inability 

to adequately link the unbalanced dynamics of the boundary layer to the overlying fluid. 

Solutions of the inviscid, balanced vortex model miss the coupling between the boundary 

layer Ekman pumping and eyewall convection (e.g., Raymond and Herman 2012). 

 

      While time-dependent, analytic solutions of the Eliassen (1951) balanced vortex 

model that allow diabatic heating to evolve have not been found, Schubert et al. (2016) 

offer a new perspective on balanced, symmetric intensification through using 

wave-vortex theory (Salmon 2014). By developing a forced, balanced axisymmetric 

model from the theory, Schubert et al. (2016) illustrate the dry, dynamical processes 

involved with the incubation time (Ooyama 1969) of a TC prior to spin up. The authors 

also show that there is not a one-to-one relationship between absolute angular 

momentum surfaces and the RMW during intensification in that the contraction of the 

RMW can cease prior to reaching peak intensity (Stern et al. 2015) and absolute angular 

momentum surfaces can continue to shift inward (Smith and Montgomery 2015). Even 

though this framework offers new insight into balanced, symmetric intensification, it is 

important to know that the small Froude number (Fr) restriction imposed by a 

wave-vortex theory may limit the model’s applicability to a stratified fluid. 

 

     Despite advances in balanced, symmetric dynamics with respect to TC intensification, 

the development of analytical solutions that connect the unbalanced boundary layer 

dynamics to the diabatic forcing in the free atmosphere of a TC continues to remain 

elusive. 
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c) WISHE Intensification Mechanism 

     Under the WISHE intensification mechanism, an axisymmetric TC intensifies through a 

self-induced positive feedback between the tangential wind field and the wind-speed 

dependent surface moist entropy flux (Fig. 24; Emanuel 1997, 2004, 2012; Montgomery 

et al. 2009; Montgomery and Smith 2014). In recent studies, the viewpoint of WISHE as 

the dominant intensification mechanism has been reviewed and investigated.  

 

 

 

Fig. 24. Schematic of the evaporation-wind intensification mechanism. See the paper for 

a detailed discussion of this figure. Figure 6 in Montgomery and Smith (2014).  

 

     Montgomery et al. (2015) found “contradictory definitions of WISHE as well as 

ambiguous and generally incomplete descriptions of the putative intensification 

mechanism” in the literatures, and examined “shortcomings in the linkages proposed by 

others between these fluxes and other elements of the intensification process”. For 

instance, The COMET Program (Chapter 8, 2013) failed to mention the wind 

speed-dependent heat flux in the WISHE feedback mechanism. The study also reiterates 

the important role of surface moisture fluxes in intensification but showed that the 

wind-speed dependence of surface fluxes is not necessary for intensity change (figure 1 

in Montgomery et al. 2015) and that TC intensification can proceed even without 

evaporative downdrafts (also shown in Montgomery et al. 2009), as opposed to that in 

Emanuel (1997). This is also the case for tropical depression intensification in which spin 

up follows even with wind-independent heat fluxes (Murthy and Boos 2018). Lee and 

Frisius (2018), using simple and complex TC models, found a “positive relationship 

between the radial CAPE gradient and the intensification rate which disagrees with the 

basic assumption of WISHE model.” 
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     Zhang and Emanuel (2016), on the other hand, redefined WISHE by proposing a 

tendency equation for the peak wind speed in an idealized, balanced, axisymmetric TC 

model (Eqns. 5 and 8 in the paper, Eqn. 17 in Emanuel 2012) to quantify the feedback of 

cyclone winds at the RMW on the surface fluxes. Their analytical solution (Eqn. 10 and 

fig. 1a in the paper) and numerical simulations with capped surface enthalpy fluxes (figs 

4 and 5 in the paper) show that wind-induced surface enthalpy flux affects the rate of 

intensification, even though it is not a necessary condition for intensification of TCs in 

general. They also reiterated that “some other process or processes must work to bring 

the system to such a state that WISHE could conceivably lead to further amplification” 

that is, “once a mesoscale column of nearly saturated air is established, WISHE can begin 

to amplify the disturbance” (Emanuel 1989, 2012). The results in Chavas (2017) further 

verify the importance of WISHE on the intensity dynamics of real-world TCs but also 

noted the non-necessity of the WISHE mechanism to intensification. However, and as 

pointed out by Montgomery et al. (2014), the revised tendency equation in the new 

WISHE mechanism introduces an additional term that describes a control of “ring-like 

eddy structures encircling the vortex axis” on TC intensification. “In reality, real turbulent 

mixing occurs locally in azimuth and the axisymmetric assumption is highly questionable” 

as shown in Persing et al. (2013). With the inclusion of non-gradient wind effects above 

the boundary layer in Emanuel’s WISHE formulation, the IR found in a nonhydrostatic 

numerical model was reproduced (Peng et al., 2018). 

 

d) Boundary Layer Spin-Up Mechanism 

     The boundary layer spin-up mechanism is a component of the rotating-convection 

framework (described below in subsection e) which provides an explanation for the 

occurrence of the maximum tangential wind speed in the boundary layer. It is important 

to note that the boundary layer spin-up mechanism requires the classical mechanism to 

operate (in contrast to what was purported in Smith et al. 2009, statements which have 

since been corrected in subsequent papers). Also, this mechanism does not propose a 

separate explanation for a positive tendency of the maximum wind speed above the 

boundary layer.  

  

     Observations (e.g. Kepert 2006a,b; Bell and Montgomery 2008; Zhang et al. 2011; 

Sanger et al. 2014; Montgomery et al. 2014) as well as numerical model simulations 

(e.g. Zhang et al. 2001; Smith et al. 2009; Persing et al. 2013) show that the maximum 

tangential wind in a mature TC occurs in the frictional boundary layer, typically a few 

hundred meters above the surface. An explanation for this finding was proposed by Smith 

and Vogl (2008) and Smith et al. (2009). This so-called boundary-layer spin-up 

mechanism, may be understood as follows. In the boundary layer, air parcels converge 

comparatively rapidly because, unlike the flow above the layer, which is in approximate 

gradient wind balance, the flow is subgradient (i.e. the sum of the centrifugal force and 

Coriolis force acting on an air parcel is less than the inward-directed pressure gradient. 

As the air parcels spiral cyclonically inward in the boundary layer, they lose some of their 

absolute angular momentum M to the surface because of the opposing frictional torque. 

The tangential wind component v is related to M by the formula , where r isv   f r =  r
M +  2

1
 

the radius and f is the Coriolis parameter. Thus, v may increase significantly as r 
decreases if the fractional rate of loss of M is appreciably less than the relative rate of 

decrease of the air parcel’s radius. In such circumstances, the increase in v may be large 

enough for v to exceed its local (gradient) value (say v
g) at the top of the boundary layer.  

 

     Since the rate of loss of M per unit radial distance decreases with the number of 

spirals the air parcel makes for a given radial displacement, the rate is a monotonically 

decreasing function of the inflow speed. However, the loss rate increases monotonically 

as the surface drag and, thus, the frictional torque increase. If v does exceed v
g at some 
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radius, the agradient force (the sum of the centrifugal, Coriolis, and pressure gradient 

forces) acting on an air parcel is positive and we say that the flow there is supergradient. 

If this happens, the agradient force combines with the radial frictional force to produce a 

rapid deceleration of inward-moving air parcels, whereupon the flow turns upward. As air 

parcels are expelled vertically from the boundary layer, they carry their tangential 

momentum with them and the positive agradient force drives them outward while 

approximately conserving their M. As a result, v decreases as the air parcels adjust 

toward a new state of gradient balance above the boundary layer. 

 

     Whether or not v does actually exceed v
g at some inner radii can be ascertained only 

by doing a nonlinear boundary layer calculation or a full vortex simulation, although the 

foregoing considerations show this to be a plausible possibility. In fact, both simulations 

and observations of intensifying and mature TCs show regions of supergradient flow as 

the air decelerates radially in the boundary layer and turns upward into the eyewall (Bao 

et al. 2012; Smith et al. 2009; Montgomery et al. 2014). Recent papers emphasizing the 

role of the boundary layer spin-up mechanism are Montgomery and Smith (2014), Smith 

and Montgomery (2016a,b), Smith et al. (2017), and Kilroy et al. (2017b).  

 

     There has been recent debate on the importance of the boundary layer spin-up 

mechanism in the overall intensification of a TC (Heng and Wang 2016a; Heng et al. 

2017; Smith and Montgomery 2016a; Montgomery and Smith 2018; Heng and Wang 

2016b; Heng et al. 2018). The essence of the debate is twofold: 1) whether the boundary 

layer spin-up mechanism contributes significantly to the intensification of a TC or if it is 

just a fast adjustment processes to surface friction (Heng and Wang 2016a,b; Smith and 

Montgomery 2016a); and 2) whether the secondary circulation in a TC simulated in a 

full-physics model can be captured by the quasi-balanced symmetrical vortex dynamics 

(the linear Sawyer-Eliassen equation). Heng and Wang (2016a,b) considered that the 

boundary layer spin-up mechanism proposed by Smith et al. (2009) explains the 

formation of supergradient wind, a process that has been well-studied previously in the 

literature (e.g, Kepert 2001; Kepert and Wang 2001), and that the formation of 

supergradient wind (namely the boundary layer spin-up mechanism of Smith et al. 2009) 

is a fast adjustment process that  could not be a major mechanism of TC intensification. 

Nevertheless, if the boundary layer spin-up mechanism articulated above is only 

attempted to explain the formation mechanism of supergradient wind in the TC boundary 

layer, the debate would be irrelevant and should not be a major issue at all.  

 

      Although the second issue is partly related to the first issue, the crux of the matter 

lies in the treatment of the numerical solution of the Sawyer-Eliassen equation. In order 

to obtain a converging solution, it is necessary to assure the ellipticity of the equation. 

The solution is also sensitive to vertical resolution, and in particular, in the frictional 

boundary layer where the vertical gradient of flow is extremely large. Heng et al. (2017, 

2018) showed that the solution based on the linear Sawyer-Eliassen equation could 

largely capture the secondary circulation in a TC simulated in a full-physics model, even 

in the boundary layer where the flow is largely unbalanced. This is in sharp contrast to 

the earlier results in Bui et al. (2009). Heng et al. (2018) clarified that although the 

balanced symmetrical vortex dynamics still underestimate the inflow in the frictional 

boundary layer to some extent, the underestimation does not affect the overall azimuthal 

mean tangential wind budget. That means that the quasi-balanced symmetrical vortex 

dynamics can largely explain the intensification of a TC. They also emphasized that the 

unbalanced boundary layer dynamics is key to TC intensification, mainly through 

modifying the strength and radial location of eyewall updaft and thus diabatic heating 

(see also Kepert 2017), but not in the way of the boundary layer spin-up mechanism 

articulated by Smith et al. (2009). 
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     Thus, the key point of contention of recent debates is not on whether the unbalanced 

boundary layer dynamics are important to TC intensification, but on how the unbalanced 

boundary layer dynamics do so—whether this occurs through the spin-up of 

supergradient wind—or through its modification of the strength and radial location of 

eyewall updraft and thus diabatic heating. Therefore, future observational and numerical 

studies need to investigate the manner in which boundary layer dynamics contributes to 

eyewall updaft/convection.  

  

e) Rotating-Convection Intensification Framework 

     Recent theoretical work has led to the development of a new framework for 

understanding both tropical cyclogenesis and TC intensification, the so-called 

rotating-convection framework. Reviews of this framework and its relationship to 

previous theories of TC behaviour are provided by Montgomery and Smith (2014, 2017), 

Smith and Montgomery (2016c), and Smith et al. (2017). In essence, the new description 

constitutes an overarching framework for interpreting the complex vortex-convective 

phenomenology in simulated and observed TCs. It is important to point out that this 

framework includes and generalizes the classical mechanism of Ooyama (1964, 1969, 

1982) and the boundary layer spin-up mechanism (Smith and Vogl 2008; Smith et al. 

2009; Montgomery and Smith 2014; Smith and Montgomery 2016a,b; Smith et al. 2017; 

and Kilroy et al. 2017b). The rotating-convection framework explicitly recognizes the 

presence of localized, rotating deep convection whose vorticity is amplified greatly over 

that of the broad-scale vortex circulation by vortex-tube stretching and tilting processes. 

The framework includes an azimuthally averaged description of storm behaviour that 

takes into account the effect of locally asymmetric (or eddy) processes. The framework 

can be framed in terms of absolute angular momentum or absolute vorticity. 

 

     From a vorticity perspective, an important mechanism for the intensification of an 

existing vortical circulation is the inward flux of absolute vorticity into the vortex in the 

lower troposphere brought about by inflow produced there by the collective effects of 

deep convection. This is, in essence, the classical mechanism for intensification 

articulated by Ooyama (1969), and is reviewed in detail in section 4 of Montgomery and 

Smith (2017). In an angular momentum framework, this mechanism is equivalent to the 

radial convergence of absolute angular momentum, which, in axisymmetric flow and in 

the absence of friction, is approximately materially conserved. 

 

     The rotating-convection framework has been used to interpret the dynamics in 

tropical cyclogenesis idealized numerical model calculations (Kilroy et al. 2016, 2017a,b, 

2018; Kilroy and Smith 2017). Kilroy et al. (2017a) showed that there is no intrinsic 

difference between the dynamics of tropical genesis and intensification. The mechanism 

has been used also to interpret the development of tropical lows over land (Smith et al. 

2015; Kilroy et al. 2016, 2017c; Tang et al. 2016) from a vorticity perspective using data 

provided by ECMWF analyses. 

f) Summary of TC Intensification Mechanisms 

     Publications in the time period (2014–2018) covered in this synthesis focused largely 

on developments in three major intensification mechanisms: (i) balanced symmetrical 

intensification mechanism, (ii) wind-induced surface heat exchange (WISHE), and (iii) 

boundary layer spin-up mechanism,. Additionally, a new rotating-convection framework 

has emerged, which combines several of these intensification mechanisms, along with 

previous historical ideas, into the new framework that recognizes that several 

intensification mechanisms act together in concert. The recent review papers 
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(Montgomery and Smith 2014; Montgomery 2016; Smith and Montgomery 2016c ; 
11

Montgomery and Smith 2017) have been quite beneficial in discussing some of the 

overarching similarities and distinctions between these mechanisms and their roles in 

various historical and recently-posited intensification frameworks. We recommend that 

future research continue this more holistic approach, especially focusing on methods to 

determine the relative contributions of these mechanisms to overall TC intensification, as 

well as to investigate whether there are complementary or competing interactions 

between the mechanisms. In particular, the role of the boundary layer dynamics in 

contributing to eyewall updrafts and convection needs to be investigated in future 

observational and numerical studies. To make more rapid progress, it is possible that 

more organized and coordinated efforts are needed. One path forward would be for 

scientists of competing theories and frameworks to team up together in a larger 

collaborative effort to resolve some of these long-standing debates. We recommend that 

funding agencies recognize this potential approach and design funding calls specifically 

toward this purpose. We further recommend that the WMO sponsor an international 

workshop in the near future to bring leading researchers together to review in more 

detail the issues involved in the controversy on intensification mechanisms and to 

develop a strategy for future international research collaboration to resolve these issues.  

3.1.8  New and Emerging Research Topics 

a) Introduction 

      Several new topics on internal influences on TC intensity change have emerged in 

recent years. In this section, we discuss some of the more prominent recent ideas, 

including: (i) the role of vortex structure on TC intensification rate, (ii) the maximum 

potential intensification rate (MPIR) of TCs, and (iii) the role of upper level outflow on TC 

intensity change.  

b) Role of Vortex Structure on TC Intensification Rate 

Carrasco et al. (2014) compared the RMW and AR34 of TCs that underwent RI 

versus those that slowly intensified or were steady state over a 24-h period for NA TCs 

during 1990–2010. They found that the intensity change was negatively correlated with 

both RMW and AR34. Xu and Wang (2015) examined the dependence of TC IR on SST, 

storm initial intensity (maximum sustained surface wind speed V
max), and storm size, in 

terms of the RMW parameter from the Automated Tropical Cyclone Forecast (ATCF) 

system b-decks  for NA TCs. They found that, for NA TCs during 1988–2014, the TC IR 
12

depends strongly on storm intensity, the RMW, the average radius of gale-force wind, 

and the outer-core wind skirt parameter DR34 (= AR34 - RMW). Xu and Wang (2015) 

showed that TC IR increases with increasing storm intensity when TC V
max was below 

about 70 to 80 kt (or 36.1 to 41.2 m/s), but decreases with increasing intensity 

afterwards (Fig. 25a), and that TC IR is negatively correlated with the RMW, AR34, and 

DR34 (Fig. 25b,c,d).  

 

11
 Smith and Montgomery (2016) is a review published in Weather that was written for the 

educated lay person, including forecasters.  
12 It is important to note that the RMW parameter is not a “best-tracked” quantity in HURDAT2 or 

the ATCF b-decks. That is, it does not undergo the post-season analysis that other best-tracked 

parameters like track and intensity undergo. For more discussion on this issue, see Vigh et al. 

(2012) and the accompanying supplement.  
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Fig 25. Scatter plots of subsequent 24-h IR vs. (a) storm intensity, (b) RMW, (c) AR34, 

and (d) DR34 in the NA from 1988 to 2012. Red and black curves are the 95th and 50th 

%-iles of IR for given storm intensity in (a) and size parameters in (b)–(d), respectively. 

Figure 1 of Xu and Wang (2015). 

 

Xu and Wang (2015) also found that RI can only happen in a relatively narrow range of 

the parameter space that includes the storm intensity, and both the RMW and AR34 (or 

DR34). More recently, Xu and Wang (2018a) extended the statistical analysis of NA TCs 

to WNP TCs during 1982–2015. Overall, similar to that in the NA, TC IR is positively 

(negatively) correlated with storm intensity when V
max is below (above) 70 kt (36 m/s), 

and the TC IR is negatively correlated with the RMW. RI occurs only in a relatively 

narrow range of parameter space in storm intensity and both inner- and outer-core 

sizes, with the highest IR appearing for V
max = 80 kt (41.2 m/s) [compared with 70 kt 

(36 m/s) for the NA], RMW ≦ 40 km, AR34 = 150 km, and DR34 = 100 km. The highest 

frequency of occurrence of intensifying TCs occurs for V
max ~ 40–60 kt (20.6–30.9 m/s), 

RMW ~ 20‒60 km, AR34 = 200 km, and DR34 = 120 km.  

 

     To improve the representation of TC structure and its relationship to TC intensity and 

intensification, Guo and Tan (2017) proposed a new concept of TC ‘fullness’ to 

quantitatively measure the storm wind structure. The TC fullness is defined as the ratio 

of the extent of the outer-core wind skirt to the outer-core size of the TC. They found 

that TC intensity is more strongly correlated with fullness than with other measures 
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comprising just a single size parameter, and rapidly increasing fullness favors the 

intensification of a TC. However, how the new parameter is connected to the dynamical 

characteristics of the TC vortex still needs to be more thoroughly understood.  

 

     The dependence the TC’s IR on its initial structure has been numerically studied based 

on ensemble simulations using an axisymmetric model (CM1) by Xu and Wang (2018b). 

The results show that a TC with an initially larger RMW, or with a slower radial decay of 

tangential wind outside the RMW, possesses lower inertial stability inside the RMW (or 

relatively higher inertial stability outside the RMW), and develops more active convection 

in the outer core region and weaker boundary-layer inflow. Such TCs experience a lower 

IR during the primary intensification stage, suggesting one possible explanation for the 

observed dependence of TC IR on TC size and structure.  

 

     Wang and Heng (2016) used idealized ensemble numerical simulations to evaluate 

the contributions of the near-surface high energy air in the TC eye to IR. They found that 

the near-surface high energy air in the eye contributes about 42% to the IR of a 

simulated TC, which is in sharp contrast to the 3-4% that such air contributes to the MPI. 

This was found to occur not through the enhancement of CBs in the eyewall, as had been 

previously hypothesized, but through initiation of convection near the inner edge of the 

eyewall. This new convection facilitates eyewall contraction and leads to higher inner-core 

inertial stability, and thus higher dynamical efficiency of eyewall heating in spinning up 

the tangential winds near the RMW. Since the near-surface high energy air in the TC eye 

is also determined by the surface wind distribution inside the RMW, the finding also 

strongly suggests that the inner core wind structure of the initial TC vortex is a key 

determinant of the future IR, in particular for those storms with relatively large eye size. 

 

     Although both SST and the initial storm intensity have been included in some 

operational statistical intensity prediction schemes (e.g., SHIPS; DeMaria et al. 2005; 

Kaplan et al. 2015), storm size parameters have not been considered in RI schemes 

(e.g., Rozoff et al. 2015). This might be partly due to the lack of a systematic analysis of 

the dependency of TC IR on storm structure and size based on observations, and partly 

due to the lack of accurate measurements of storm size and structure parameters from 

observations. Note that although the RMW is currently estimated routinely in various 

ocean basins, the shape parameter for the radial tangential wind profile is not routinely 

provided in real time in any ocean basin. Nevertheless, results from Xu and Wang 

(2018b), together with those of Carrasco et al. (2014), Xu and Wang (2015), and Xu and 

Wang (2018a), strongly suggest that it is important to consider TC size parameters in 

statistical intensity prediction schemes, and to accurately represent the initial TC 

structure in numerical prediction models in order to achieve improved TC intensity 

forecasts (e.g., Kaplan et al. 2015; Bender et al. 2017).  

c) Maximum Potential Intensification Rate (MPIR) 

     Since TC intensification and maintenance are controlled by similar physical processes, 

a natural extension of the MPI concept is the maximum potential intensification rate 

(MPIR), introduced by Xu et al. (2016). Based on the best track data of NA TCs (Landsea 

and Franklin 2013), they showed that SST exerts a strong control, not only the MPI, but 

also on the MPIR, with the latter reflecting the upper bound of IR that a TC can reach 

given favorable environmental conditions. They constructed an empirical relationship 

between the MPIR and SST for TCs over the NA based on the best track TC data and 

observed SSTs during 1988–2014. Similar to the empirical relationship between MPI and 

SST, the empirically fitted MPIR increases with increasing SST, with a more rapidly 

increasing trend when SST is higher than 27℃ in the NA (Fig. 26).  
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Fig. 26. (a) IR frequency (kt day-1) and (b) lifetime maximum IR (IR
max, kt day-1) versus 

SST (°C) for NA TCs (1988-2014). Also plotted in (b) is the scatter diagram of IR
max

 

(dots). Both panels include the empirically fitted MPIR (dashed blue, kt day-1). Figure 3 of 

Xu et al. (2016). 

 

More recently, Xu and Wang (2018a) also constructed an empirical relationship 

between the MPIR and SST for WNP TCs. The SST-determined MPIR shows a linear 

increasing trend of MPIR with increasing SST (for SSTs larger than 26℃). This is roughly 

consistent with the trend in the same SST range in the NA, although the MPIR–SST 

relationship in the NA is expressed as an exponential function of SST with a sharp 

increase when SST is greater than 27℃ (Xu et al. 2016). The empirically fitted MPIR is 

higher (lower) over SSTs above (below) 28℃ over the WNP than over the NA, which is 

shown to be related to the weaker (stronger) environmental vertical wind shear (VWS) in 

regions with higher (lower) SSTs over the WNP than over the NA. Such differences are 

consistent with the different spatial distributions in the climatological SST and VWS. 

Results also show that only 10% (5.5%) of intensifying TC cases reached 40% (50%) of 

their MPIR and about 24% (15%) of TCs’ lifetime maximum IR (IR
max) reached 50% 

(60%) of their MPIR, and only 6% reached 80% of their MPIR. Almost all TCs reached 

their lifetime IR
max while experiencing moderate VWS of around 6–10 m s−1

. This was 

especially true for TCs with large IR
max, consistent with the well-understood fact that 

large VWS is generally unfavorable for TC intensification.  

 

The preference of the lifetime IR
max to occur in moderate VWS is interesting and as 

yet, remains unanswered. It could be due to the fact that most TCs reached their lifetime 

IR
max after they reached relatively strong intensity [e.g., over 70 kt (36 m/s)], and thus 

are able to effectively resist the detrimental effect of moderate VWS. Another possible 

explanation could be due to the fact that moderate deep-layer VWS is common in the 

tropics where SST is high (Wang et al. 2015; Finocchio and Majumdar 2017). As a result, 

SST could dominate VWS in controlling the TC IR under the condition of moderate VWS. 

Nevertheless, the results provide observational evidence for the existence of the MPIR 

for TCs, and this suggests that it should be possible to develop a theoretical MPIR. On 

the other hand, although SST is one of the most important parameters for TC 

intensification, the relationship between SST and TC IR varies considerably from basin to 

basin, with SST explaining less than 4% of the variance in TC IRs in the NA, 12% in the 

WNP, and 23% in the eastern Pacific. Several factors are shown to be responsible for 
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these inter-basin differences. This variation can be explained as smaller horizontal SST 

gradients in the NA, and SST tends to vary out of phase with VWS and outflow 

temperature in the WNP (Balaguru et al. 2015; Foltz et.al 2018). 

 

     Note that the intensity dependence of IR in observations (Fig. 26a) could be partially 

contributed by the dependence of IR on SST. Therefore, in a more recent study, Xu and 

Wang (2018a) discussed the frequency distribution of all intensifying TC cases and also 

TC cases in specified SST ranges for the intensity dependence of IR for WNP (Fig. 27, a 

similar result can be obtained for NA TCs, not shown). It confirms that the intensity 

dependence of IR does not result from the dependence of IR on SST. Furthermore, higher 

SST corresponds to higher IR and also higher MPIR, which also shifts toward the higher 

TC intensity side. For the SST above 27oC, the MPIR is the largest for TCs with V
max

 

around 60 to 70 knots, which is similar to that observed for NA TCs (Fig.  25a). Note that 

in these previous studies, emphases have been on the top 95th percentiles because the 

studies have attempted to reveal the intrinsic IR with minimum negative effects from 

strong external influences as discussed below. The recent results thus strongly suggest 

that the intensity dependence of TC IR and the dependence of MPIR on SST are both 

determined primarily by internal dynamics. However, neither of them can be inferred 

from the current IR theory.  

 

 

 

Fig 27. Frequency of TC IRs 

(kt day−1
) against TC 

intensity (V
max, knot) for the 

WNP TCs (1982-2015). The 

fitted 95th percentiles as a 

function of SST for three 

1.5℃ intervals of SST 

starting at 27, 28, and 29℃ 

are shown as black, red, and 

green curves, respectively. 

Note that for the SST ranges 

given in the legend, “(” 

means “greater than”, “]” 

means “less than or equal 

to”. Figure 6 of Xu and Wang 

(2018a). 

 

 

 

    The empirical MPIR was shown to increase with the SST under the TC, or equivalently, 

to increase with the MPI of the TC itself, because the MPI is largely determined by SST. 

Xu et al. (2016) also found that the empirical MPIR depends roughly linearly on the MPI 

computed from observations. However, the existing IR theory predicts the MPIR as a 

function of the square of MPI at V
max = 0 (Emanuel 2012; Ozawa and Shimokawa 2015). 

This means that current IR (and MPIR) theory does not adequately reproduce the 

dependence of the MPIR on TC MPI and TC intensity in observations. The discrepancy in 

the MPIR dependence on storm intensity between the current theory and observations 

suggests that some dynamical processes key to TC intensification could be missing in the 

current theory, or that some assumptions are too restrictive and not suitable for the early 

intensification stage for which the theory was developed. Motivated by the observed 

dependence of TC MPIR on storm intensity and MPI, Wang et al. (2016) introduced an 
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energetically-based MPIR theory (unpublished conference presentation). They used the 

MPI model of Emanuel (2012), and as in Ozawa and Shimokawa (2015), but instead of 

focusing on the steady-state maximum intensity for which power generation and power 

dissipation are equal, they examined the unsteady period of intensification when power 

generation exceeds dissipation (Fig. 28). From this approach, an energy gain rate is 

obtained, from which the MPIR is found. The new ingredient of their MPIR theory is the 

introduction of a dynamical efficiency of the Carnot heat engine, which is parameterized 

as a function of the inner-core inertial stability of the TC based on the best track TC data 

instead of the constant 70% value used in Ozawa and Shimokawa (2015). Since the 

energetically-based MPIR theory does not include any detailed dynamics, it is likely that 

an alternative MPIR theory could be further developed, which could provide useful for the 

upper bound of TC intensity forecasts. Considerable further research is needed in this 

area. 

 

 

Fig 28. Schematic 

showing power 

dissipation (blue 

curve) and power 

generation (red 

curve) as functions 

of 10-m sustained 

wind speed in a 

typical TC. The pink 

shaded area 

indicates the power 

available for the TC 

to intensify up to its 

MPI (modified from 

Wang 2012, 2015). 

 

 

d) Role of TC Outflow on Intensity Change 

     In recent years, there has been a renewed interest in the role of outflow on TC 

intensity change. The TC’s deep convective mass flux, which is processed through the 

inner-core region, is then exhausted to the environment at upper tropospheric levels 

through asymmetric outflow jets. Such jets exist because the TC outflow follows the path 

of least resistance, which tends to be regions of weak inertial stability (Rappin et al. 

2011). Often, either (or both) an equatorward and a poleward jet may exist at some 

point in the TC life cycle. The linkage of the internally-forced TC outflow with the 

environment through these jets, and their role in intensity change, has been a subject of 

recent interest, building on earlier work (e.g., Merrill 1988a,b). Field campaigns have 

occurred in recent years, obtaining new unique measurements of the upper levels over 

the TC. The 2012−2014 HS3 (Braun et al. 2016) used an unmanned Global Hawk (GH) 

aircraft to take long-duration measurements of the outflow and below using both in-situ 

and remote measurements. The TCI (Doyle et al. 2017) used a manned WB-57 aircraft 

with a new dropwindsonde system to measure the critical outflow region at high 

horizontal and vertical resolution. Building on HS3, the National Oceanic and Atmospheric 

Administration (NOAA) Sensing hazards with operational unmanned technology (SHOUT) 
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field campaign was conducted in 2015−2016 using the GH to obtain measurements 

through the troposphere from the outflow layer to the surface.  

 

     The mechanism by which TCs undergo internal intensity change through outflow 

dynamics is currently not well understood. As evidence of the potential importance of 

outflow in intensity change, Emanuel (2012)’s modification of WISHE hypothesized that 

small-scale turbulence in the outflow region can set the outflow temperature and thermal 

stratification, and thus affect maximum potential intensity and intensity change. 

Recently, there has been renewed debate on the active versus passive outflow scenarios 

(Komaromi and Doyle 2018). In the passive scenario, the outflow is a slave to the 

underlying vortex, and does not feed back to the vortex to affect the intensity change. In 

the active scenario, upper level forcing can enhance TC outflow, and through secondary 

circulation changes, affect the intensity change of the low-level vortex. Recent results 

from idealized modeling suggest that radiative forcing in the outflow may play an 

important role in TC intensity change (Navarro and Hakim 2016; Navarro et al. 2017). It 

is expected that as a result of the recent field campaigns described above, new research 

on understanding the role of outflow on TC intensity change will be obtained in the 

future.  

e) Summary of Emerging Research Topics 

     Three new emerging topics on internal influences on TC intensity change were 

discussed.  The first topic emphasizes the critical role of vortex structure on the 

subsequent IR. In particular, the highest IRs are observed to occur in a relatively narrow 

subrange of the parameter space [i.e., V
max ~ 40–60 kt (20.6–30.9 m/s), RMW ~ 20‒60 

km, AR34 = 200 km, and DR34 = 120 km]. Results strongly suggest that it is important 

to consider TC size parameters in statistical intensity prediction schemes, and to 

accurately represent the initial TC structure in numerical prediction models in order to 

achieve improved TC intensity forecasts. The second topic seeks to understand the 

factors setting the upper bound on the IR (the MPIR) using observational and theoretical 

approaches based on energetics. The TC intensity, SST, and MPI all appear to be 

important, but the current theory is inadequate to fully explain the MPIRs of observed 

TCs. The final topic emphasizes the possible role of TC outflow on the IR, and whether 

active or passive outflow is a dominant factor. In closing this subsection, we recommend 

that substantial future research further investigate the broad theoretical and numerical 

basis for ideas such as the MPIR of TCs and the relationship between vortex structure 

(including the outflow) and IR.  

3.1.9  Overall Summary and Conclusions 

     This report summarizes approximately 177 peer-reviewed publications during the 

2014–2018 period to assess progress in understanding of internal influences on TC 

intensity change. The subject of internal influences on intensity change covers a wide 

range of dynamical and physical aspects, ranging from the role of rainbands, shallow 

convection, CBs, ERCs to aspects of inner core instability and mixing, and surface fluxes. 

This report also includes special sections on RI and intensification mechanisms, as well as 

several new topics that have recently emerged, such as the role of TC outflow, the role of 

vortex structure on a TC’s IR, and a new theory for what sets the fastest rate at which 

TCs may intensify. A brief overview of the developments in each of these areas is now 

given. 

 

     The issue of RI has been a considerable focus of researchers in the past few years, 

with 60 publications touching on this topic. One aspect that has recently received more 
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appreciation is on how the definition of RI impacts the framing of the study. While many 

statistical studies have used a case-based definition [e.g., a 30 kt (15.4 m/s) increase in 

intensity in 24 h], it has recently been recognized that RI is an event which can last up to 

78 h or longer. Thus, it is important to study the various stages of an RI event to learn 

more about what types of structures and dynamical processes are involved in initiating, 

sustaining, and terminating RI in TCs. Recent work has bolstered earlier findings that 

increased and widespread shallow convection around the storm center is a first indication 

of RI and can be used as a predictor for the onset of RI. A common theme among many 

observational satellite-based studies is that a high degree of axisymmetry is associated 

with the subsequent RI, however other case studies using aircraft observations and 

numerical simulations have recognized asymmetric pathways to RI, with inner core CBs 

and HTs recognized as important factors. Recent studies using lightning data have 

resulted in new understanding through detailed analysis of the radial and azimuthal 

distribution and movement of CBs before and during RI. Despite extensive research on 

the RI topic, many uncertainties remain regarding how to better simulate and predict the 

onset and continuation of RI. 

 

     SEFs and ERCs have long been recognized as important modulators of TC intensity 

change. By 2014, observational studies had established the basic climatological 

understanding of ERC influences on intensity change. Since 2014, the climatological 

understanding of ERCs has been updated to provide additional details on the 

wind-pressure-relationship, recognizing distinctly different behaviors between less intense 

and more intense TCs. This improved climatological knowledge has recently been applied 

to operational forecasting via the E-SHIPS statistical model. New studies have also 

increased understanding of non-canonical ERC events, such as those in which there are 

only subtle intensity changes. The increasing capability of numerical models to simulate 

ERCs, both in idealized and operational settings, has lead to new appreciation of the 

dynamical processes and associated uncertainties with respect to: the onset time of SEF 

and ERC, the location and contraction speed of the outer eyewall, the dissipation 

(intensification) rate of the inner (outer) eyewall, and the duration of ERC events. While 

accurate deterministic predictions of the impact of ERCs remain elusive, the improved 

understanding that has resulted from these various lines of investigation is leading to 

more accurate intensity forecasts through techniques such as E-SHIPS. 

 

     Spiral rainbands comprise a major portion of the TC and their structural 

characteristics play significant roles in TC structure and intensity change. Recent 

observational work has found that outer rainband lightning is positively correlated with 

subsequent 24-h TC intensity change. Idealized numerical simulations have 

demonstrated that convective heating in the inner rainband region generally promotes 

intensification, while stratiform cooling in inner rainbands tends to hinder TC 

intensification. Evaporation of raindrops in the outer rainband region tends to suppress 

the final TC intensity, but these effects are not significant in inner rainbands. Despite 

these advances, considerable uncertainties still remain in the understanding of the 

interactions between spiral rainband behavior (particularly microphysical processes within 

rainbands) and other TC components, and how these interactions affect TC intensity 

change. 

 

     Recent work has extended numerical analyses of inner core instability processes from 

2D barotropic frameworks to more realistic 3D frameworks that include moisture and 

parameterized mass sinks. Whereas, barotropic instability in a 2D framework leads to 

deepening of the pressure deficit but a decrease in intensity, results from simulations in 

more realistic frameworks show that instability processes may cause intensification under 

certain assumptions. Considerable uncertainty remains as to whether the secondary 

circulation prevents relaxation of the vortex to a monopole (or how quickly it might 
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restore the vortex back to an annular state) and as to the effects of moist convective 

processes on instability. Additional studies examined other types of instabilities caused by 

spontaneous IG radiation fromi VR waves. More work is needed to understand the 

longer-term and nonlinear effects of VR-IG instability on the vortex evolution. Because 

the PV structure is critical in understanding the vortex state (annular vs. monopole) 

during instability mixing events, future research should consider observational strategies 

to better assess the PV structure of TCs. 

 

     Surface fluxes play an essential role in providing latent heat to the TC core where 

energy is converted into kinetic energy, as well as in dissipating kinetic energy through 

friction. As a result, TCs are largely controlled by surface enthalpy and momentum fluxes. 

Advances in both modeling and observing surface fluxes have improved our 

understanding of the relationships between TC intensification and the drag and enthalpy 

coefficients, as well with the SST response. In particular, recent work suggests that the 

wind-speed dependence of the drag coefficient, with a minimum near 60 m s-1, may 

partially explain why many TCs intensify rapidly between 35 and 60 m s-1, but tend to 

weaken soon after reaching Category 5 intensity. Despite progress over the last four 

years, considerable uncertainties still remain and the research advancements still need to 

be transitioned to operations. 

 

     The mechanisms by which TCs intensify has been a hotly debated area of research. 

From the first descriptions of TC intensification frameworks more than 60 years ago, the 

community has seen various major frameworks arise, such as the CISK framework 

(involving cooperation between convection and the vortex scale), the WISHE mechanism 

(wind-induced surface heat exchange), the balanced, symmetric mechanism, and most 

recently, the rotating convection framework (rotating small-scale convection in 

conjunction with boundary layer spin-up). Many of these frameworks have built upon 

previous frameworks, adding refinements or descriptions of new intensification 

mechanisms that operate in conjunction with previously-described mechanisms. 

Nevertheless, vigorous debate is still occurring as to the suitability of using balanced 

frameworks to understand intensification, whether or not WISHE is an essential part of 

TC intensification, and the exact role of the boundary layer in TC spin-up. Despite more 

than 40 additional studies on intensification mechanisms in this period, very considerably 

uncertainty remains.  

 

     This report also covered three new emerging topics on internal influences on TC 

intensity change. The first topic emphasizes the critical role of vortex structure on the 

subsequent IR. Through analyzing past observed TCs, as well as numerical simulations, 

the phase space of IR dependence on initial intensity, SST, RMW, and size was explored. 

These results showed that the fastest IRs occurred in a relatively narrow subrange of the 

parameter phase space at relatively low initial intensities and small to modest vortex 

scales [i.e., V
max ~ 40–60 kt (20.6–30.9 m/s), RMW ~ 20‒60 km, AR34 = 200 km, and 

DR34 = 120 km]. This finding has motivated development of new ideas on the factors 

that set the upper bound on the IR (the MPIR) from an energetics perspective. The third 

topic emphasizes the possible role of TC outflow on the IR, and whether active or passive 

outflow is a dominant factor.  

 

     In conclusion, significant advances in understanding of internal influences on TC 

intensity change have been made over the past four years. With several notable 

exceptions, these advances have been largely incremental, and have been spurred by 

new observations, more sophisticated numerical simulation approaches, and through new 

lines of theoretical development. Below, we offer recommendations for new research 

directions and strategies that might be undertaken to make even more rapid progress in 

the coming years. 

3.1.52 



3.1.10  Recommendations 

A number of recommendations have been made by the WG, as follows: 

 

1. We recommend that future research directions focus on: a) studying RI as an 

event (rather than a 24-h case-based RI definition), b) improving understanding 

of the conditions and precursors to RI through symmetrical processes, and c) 

reconciling seemingly conflicting findings on the conditions and processes in which 

asymmetric inner-core CBs and HTs may lead to RI precursors.  

2. Continued advancements and diagnostics and testing activities are needed in NWP 

models to improve the accuracy of SEF and ERC event timing and the associated 

intensity changes. We recommend that such efforts incorporate non-standard 

evaluation metrics beyond track, intensity, and wind structure, such as the explicit 

prediction of eyewall and secondary eyewall structure.  

3. We recommend that specific, targeted observational and modeling investigations 

be undertaken to better understand interactions between spiral rainbands and 

their parent TCs and the specific mechanisms by which rainbands influence TC 

intensity. 

4. Because the PV structure is critical in understanding the vortex state (annular vs. 

monopole) during instability mixing events, we recommend that future research 

consider observational strategies to better assess the PV structure of TCs. We also 

recommend that structure databases include observable markers of mixing 

processes (eyewall mesovortices and polygonal or elliptical eyewall structures as 

seen in satellite imagery and radar imagery). In general, researchers would 

benefit from mesoscale analyses of well-observed cases. 

5. Advances in both modeling and observing surface fluxes have improved our 

understanding of the relationships between TC intensification and the drag and 

enthalpy coefficients, as well as the SST response, however considerable 

uncertainties still remain. We recommend that new observational platforms be 

devised and routinely deployed to continue advancing understanding of surface 

fluxes, and that the resulting knowledge be transitioned to operations.  

6. Much recent work has been undertaken on intensification mechanisms, however 

considerable knowledge gaps remain as to the role of different mechanisms. In 

particular, the role of the boundary layer dynamics in contributing to eyewall 

updrafts and convection, as well as in supergradient spin-up, needs to be 

investigated in future studies based on observations and numerical simulations. To 

speed up progress in reconciling current debates, we recommend that scientists 

with competing theories and frameworks team up together in a larger 

collaborative effort to resolve  long-standing debates. We recommend that funding 

agencies recognize this potential approach and design funding calls specifically 

toward this purpose.  

7. We further recommend that WMO sponsor an international workshop in the near 

future to bring leading researchers together to review in more detail the issues 

involved in the controversy on intensification mechanisms and to develop a 

strategy for future international research collaboration to resolve these issues. 

8. In light of substantial new lines of investigation on the role of vortex structure, 

outflow, and other environmental influences on the IR of TCs, we recommend that 

substantial future research further investigate the broad theoretical and numerical 

basis for ideas such as the MPIR of TCs and the relationship between vortex 

structure (including the outflow) and IR.  

9. With the finding that the TC IR depends critically on the structure of the vortex, 

we further recommend that statistical-dynamical intensity prediction schemes 
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consider TC size parameters and that significant efforts continue to be made to 

ensure that numerical prediction models represent the initial TC structure as 

accurately as possible.  
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MPI – Maximum potential intensity 

MPIR – Maximum potential intensification rate 

NHC – National Hurricane Center 

NHM – Nonhydrostatic model 

NI – Non-intensifying 

NIO – North Indian Ocean 

NA – North Atlantic 
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OHC – Ocean heat content 

ONR – Office of Naval Research 

PBL – Planetary boundary layer 
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POD – Probability of detection 
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RI – Rapid intensification 
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RMW – Radius of maximum winds 
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SEF – Secondary eyewall formation 

SHIPS – Statistical Hurricane Intensity Prediction System 
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SHOUT – Sensing Hazards with Operational Unmanned Technology 

SST – Sea surface temperature 

SVM – Support vector machine 
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VR – Vortex Rossby 
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VWS – Vertical wind shear 
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