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Presentation Notes
Thanks for the introduction. I am thrilled to be back in the company of scientists who deeply care about improving the forecasting of these gorgeous beasts that are hurricanes. The subject of my talk is rapid intensity changes, which happens to be one of the top priorities of the HFIP program. It’s therefore no surprise that I have collaborated as well as interacted extensively with several scientists in the HFIP team and I am very thankful for this association and opportunity. 



The evolution of Hurricane Dorian. Courtesy: NOAA GOES
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Alright.. A hurricane is nature’s poster-child of intricate, dynamic organization at a plethora of scale. I like to think of this problem as a System-of-Systems where larger dynamical systems emerge from the organization and interaction of smaller organized sub-systems. A hurricane’s intensity is really a manifestation of these multi-scale interaction and of-course, it continues to be a major challenge to accurately forecast hurricane intensity transitions. 






Rapid Intensity Changes*: A nightmare for forecasters & emergency response teams

*A rapid intensity change is defined as an intensity change of  30 knots or higher in a span of  24 hours
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As we all know, the hardest nut to crack is the forecast of TCs that undergo rapid changes in intensity (a change of 30 knots or higher in a span of 24 hours). Sometimes, these changes occur close to the land; sometimes they occur overnight where you go to bed thinking it’s a Cat 1 Hurricane and by the time you wake up, it’s Cat 4 or 5. Early warnings are required so that communities can plan their emergency responses. A fairly recent example is that Super Cyclone Phailin over the Bay of Bengal where over a million people had to be evacuated from their homes as a cyclone was rapidly intensifying close to the land. A few weeks later, when a similar threat was issued and emergency responses were being planned, the cyclone went on to rapidly weaken even before landfall. Such rapid weakening can create false alarms and may result in the loss of credibility. And we know past examples of cyclone related deaths that occurred despite the forecast being right simply because of a lack of trust from the public. 



Despite advances, there’s 
still work to be done. 
Hurricane Irma is a recent
example where models failed to
predict the RI

Courtesy: Gus Alaka
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Last decade especially has seen significant advancements towards improve hurricane forecasts – certainly the establishment of HFIP is one of the strongest reasons. However, there’s still work to be done. For example, In the figure here, I present the intensity forecasts from various models and the black line is observed. Hurricane Irma was an example where nearly every model failed to capture the RI. Figure courtesy. 
Frank: It is not enough if we get the forecasts right, we need to get it right for the right reasons. And this talk is aimed at offering new ways to think about this problem and characterize the role of localized asymmetric events and gain an improved understanding of their impact on hurricane rapid intensity changes.  
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Courtesy: Emanuel (1991)

The ‘in-up-out’ paradigmEarly TC Models: Axisymmetric circulation + transverse circulation 

Primary circulation Secondary circulation (In-up-out)
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So where do we go from here? Let us start by recalling that early modelers began by approximating the primary circulation as symmetric about a central axis. These models were certainly useful in providing first order estimate of TC behavior and understanding the fundamental processes but forecast errors were huge. 



Hurricane 
Michael (2018) 

Courtesy: 
GOES-16

Infrared 1-
minute imagery
CIMMS, Univ. 
Wisconsin
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Recent advancements in aircraft and satellite observations as well as high-resolution modeling have revealed the presence of multiple azimuthally asymmetric features in addition to the symmetric circulation. Here is an example of high-resolution infrared imagery of Hurricane Michael from GOES-16 that indicates these asymmetric features for most part of its lifecycle! But they are most prominent when a TC undergoes significant changes in its structure and intensity. 


https://twitter.com/hashtag/GOES16?src=hash





Super Typhoon Yutu (2018) Hurricane Willa (2018)

Infrared imagery courtesy: NOAA GOES-EAST

Sample observational references:  
Hendricks and Montgomery 
(2006),  Marks et al. (2008), 
Molinari and Vollaro (2008), 
Houze et al. (2008), Guimond et 
al. (2010), 

Examples: Vortical Hot 
towers, rain bands, 
collection of eddies and 
waves
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These asymmetries manifest at multiple spatial and temporal scales due to several external and internal instabilities within the TC vortex. For example, deep, isolated moist-convective updrafts (as you can see in these infrared imageries) that cover only a small portion of the inner-core were shown to contribute to a majority of the upward mass transport. These updrafts were christened "vortical hot towers”. The emergent collective understanding from recent studies on this topic is that the changes in intensity and structure are strongly influenced by the dynamics of asymmetries, rather than the gradual change associated with axisymmetric circulations. The gradients associated with the asymmetric distributions within the vortex further result in eddy fluxes and wave asymmetries that serve to redistribute various quantities such as vorticity, momentum, moist-entropy. On one end of the spectrum we have internally induced asymmetries that are more local in space and transient in time v/s the more persistent and spatially coherent, low-wavenumber asymmetries that exist due to the interactions between the environment and the vortex. Ultimately, the dominance of the internal or externally-induced asymmetries is a function of the strength and nature of the environmental flow field; and the vortex's resilience to an external forcing. 










Vertical Helicity

Several idealized as well as 
non-idealized numerical 

simulations have reproduced 
these localized events

For example: Hendricks et al. (2004), 
Nolan  et al. (2007),  Guimond et al. (2010)
Gopalakrishnan et al. (2011)
Persing et al. (2013), 

Computed from the Hurricane Nature Run (Nolan et al. 2013)
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Several idealized as well as non-idealized numerical simulations have reproduced these localized events! Here is my computation of vertical helicity that is an indication of vertical vorticity as well as vertical velocities. As you can see there is a clear vertical coherence to these helical structure and it is reproducible in high-resolution numerical simulations. 




References: Persing et al. (2013), Smith et al. (2017), Leighton et al. (2018)
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Despite the capability of models to reproduce these asymmetric features, the precise nature of their influence on TC intensity changes remains an enigma. For a very long time, the presence and the growth of asymmetries were associated solely with weakening. However, recent studies demonstrated that the impact of asymmetries on intensity may be negative or positive. In other words, if a vortex is asymmetric, with our current state of knowledge, it is simply insufficient information to make a prediction on the consequent intensity change. The inherent difficulty in predicting their behavior is because asymmetries may arise due to different external or intrinsic sources and occur at different spatial and temporal scales while several complex mechanisms act near-simultaneously to dictate their evolution in time.




RI: Rapid Intensification; RW: Rapid WeakeningBhalachandran et al. (2019) Earth and Space Science
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One neat way to think about this problem is like you would interpret a Feynman diagram in Physics. A TC vortex at any given time is subject to a variety of external and internal sources and sinks and each of these factors may be responsible for nudging the vortex into one of the many possible intensity pathways – each pathway may be thought of as a distinct attractor basin and this whole picture is non-stationary. Each of these intensity pathways are associated with certain probability and RI/RW simply represent the low probability, high impact events. 



The growth/decay of these asymmetries is strongly linked to the 
intensification or weakening of the TC vortex.

We are currently at a stage where we have invested heavily on high-
resolution models that simulate such events

 Scope for improvement of the grid-scale and sub-grid-scale 
cumulus/microphysics and diffusion schemes in hurricane forecasting 
models

Growth and organization are deeply interlinked – Pathway to 
organization is observable using the high-resolution satellite observations
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Presentation Notes
The motivation for today’s talk as to why we should care about these localized, asymmetries from a forecasting perspective is 1)



Presenter
Presentation Notes
Our preliminary investigations using numerical models made it apparent that there wasn’t a single, unifying way to address this problem. Therefore, my talk will lay out the challenges as well as the recent milestones in our understanding of the contribution of localized, sub-vortex-scale events towards vortex-scale rapid intensity changes using multiple diagnostics that were conducted as part of our recent research. I will detail four levels of sophistication with which we can address the problem of TC energetics during a rapid intensity change and discuss the certain aspects of eddy energetics can potentially serve as early-warning indicators of TC rapid intensity changes.
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Courtesy: Emanuel (1991)

The ‘in-up-out’ paradigmLevel 1: Axisymmetric Energetics

Primary circulation Secondary circulation (In-up-out)



 The energy cycle of a TC is analogous to 
a heat engine (Emanuel 1986, 1991). 

 Frustration of the energy cycle (reduction in
work done) results in the decrease of intensity 
and vice-versa.  

 Azimuthally average perspectives for the weakening
of the TC due to low- θe intrusion –
Riemer et al. (2010, 2013); Tang and Emanuel (2010,2012)

Ocean Surface Heat Flux

Radius

Boundary Layer

Low θe

(High θe)

Level 1: Axisymmetric Energetics
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The core idea of this framework is that the TC has been likened to an engine that converts the thermal energy at the ocean surface and the latent heat released by the clouds to the rotating motion of the storm. The schematic here illustrates the energy cycle of a TC in a axisymmetric radius-height framework. There are four legs in the process: two isothermal (B and D) and two isentropic (A and C). Here, we use thetae as the proxy for moist-entropy. The red wiggles are indicators of processes where the thetae changes. And I want to draw specific attention to the line marked ‘B’. This is the inflow leg within the boundary layer. Now, if the TC enters an environment where there is shear and low thetae, the shear-induced downdrafts may carry the low thetae air into the boundary layer. If the thetae deficit as the result of this is higher than the refurbished thetae from the surface fluxes, then the energy cycle is frustrated and it amounts to a decrease in intensity. Most importantly, these prior studies have offered azimuthally averaged perspectives for the weakening of the TC. 
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Rapid Intensification

Rapid Weakening

Presenter
Presentation Notes
Retrospective forecasts of Phailin and Lehar. Phailin was the rapid intensifying cyclone and Lehar was the rapid weakening cyclone. 
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shear

Up 
shear

Level 2: Azimuthally asymmetric energetics (Case study: Lehar)

Bhalachandran et al. (2019) Sci. Rep. 



The juxtaposition between the horizontal and vertical fluxes creates a pathway for the low θe air
to intrude into the vortex

Horizontal and vertical fluxes of low θe

(K)

Radius : 0 to 100 kmRadius

Ocean Surface Heat Flux

STORM
CENTER

Boundary Layer

Low θe

Bhalachandran et al. (2019) Sci. Rep. 
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Let’s recall that for the low thetae to enter into the core of the TC, you need two kinds of motion. A downward flux of low thetae through the top of the boundary layer and a radially inward flux of low theta_e within the boundary layer. Here, I’ve plotted the downward flux of low thetae through the top of the BL as black contours and the radial flux of thetae within the BL as vectors. The vectors are colored such that the low thetae is shown in blue and the high thetae is shown in red. 

Something special happens in the upshear left quadrant. There is a synchronization in the upshear left quadrant between the downward and radially inward fluxes. Such a synchronization is absent in any of the other quadrants. In the others, you see that the downdrafts are juxtaposed with the outflow. What does this tell us? That the juxtaposition between the two fluxes essentially creates a pathway for the low thetae air (anti-fuel to our engine) to intrude into the storm core from the adverse environment. 




Synchronization in the phasing and amplitude: Diagnostic for rapid intensity 
change detection

Bhalachandran et al. (2019) Sci. Rep. 
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Residual terms

Level 2:  Azimuthally asymmetric energetics (Dynamic perspective)

Presenter
Presentation Notes
The second framework that I used to understand the asymmetric impact on intensity changes is the dynamical framework. This follows Newton’s second law. Where an acceleration in the azimuthally averaged tangential wind is represented as a response to various force terms. Furthermore, I have used a Reynolds averaging technique where the terms are split into an azimuthal mean and an asymmetric term that is a deviation from the azimuthal mean. This is in essence the radially inward transport of vorticity, the vertically upward transport of tangential momentum. The first two are mean terms and if there is a deviation in the azimuthal mean, it will show up in the two eddy terms circled here. For today’s presentation, I am just going to focus on this particular term : it is the eddy vorticity flux term. The reason is that a recent study by Leighton et al. at HRD did a diagnosis using an ensemble of simulations for Hurricane Edouard containing RI and non-RI members. They noted that the eddy vorticity flux was positive in the RI members and negative in the non-RI members. So this was a good starting point to cross-check.   
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(Time-averaged : 
24 – 36 hours)
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Presentation Notes
Here is the radius-height plot of the eddy vorticity flux time-averaged for 12 hours during the initial period of rapid intensification in TC Phailin. The red indicates that the term had a positive influence on intensity change and the blues indicate that there is a negative influence here.
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Bhalachandran et al. (2019) JAS. 

Presenter
Presentation Notes
Here is the radius-height plot of the eddy vorticity flux time-averaged for 12 hours during the initial period of rapid weakening. The red indicates that the term had a positive influence on intensity change and the blues indicate that there is a negative influence here. Now, what I am showing you here is a simulation of a rapidly weakening TC. However, I see a big blob of positive influence underneath is a tongue of negative influence. That’s surprising, isn’t it? A weakening storm having a huge region of positive influence. In any case, the first take away is that the asymmetries can have a positive or negative influence at different regions in the R-Z plane. Let me take a cross-section at the mid-levels to see what’s really going on. 



Radius : 0 to 200 km; 
Time-averaged 

between 
t = 24 to t = 36 

(initial period of RW)

Bhalachandran et al. (2019) JAS. 
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Issues with the dynamics – thermodynamics. Single partition of eddy and mean does not do justice to the multi-scale nature of the eddies. 



Mean - Eddy

Potential to Kinetic, 
In-scale

Eddy – Eddy,
Cross-scale

MEAN

EDDY (scale) Mean - Eddy

Bhalachandran et al. (JAS, 2019); Krishnamurti et al. (2013)K : Kinetic Energy
n :  Wavenumber
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1. APE to KE conversion is 
higher during RI than RW

2. Unique direction of transfer 
between mean to eddy and 
small-scales and between 
the multi-scale eddies. 

Bhalachandran et al. 2019.  JAS
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The next result I’d like to show is a synthesis of the results from computations across four TCs. In the interest of time, I am presenting it as a schematic. Here, the abbreviations stand for APE, KE, L, 0, S. The weight of the arrows the change the magnitude of the energy transaction. The directional change is shown in black and red. Double sided arrows indicate that either direction is possible. What I’ve done is summarized the nature of transactions separately for RI and RW scenarios. Hypothesis. Results. This validates our separation of asymmetries into large and small scales or low and high wavenumbers suggesting that they may behave differently. 



Order of magnitude analysis reveals that the 
most important energy pathways are the baroclinic 
In-scale transfer from PE to KE and the cascades 
Across eddies of multiple length-scales. 

Not important for system-scale transitions: 
Individual mean-eddy transactions 

Bhalachandran et al. 2019.  JAS



Potential to kinetic energy (n)

Kinetic energy (mean) to eddy

Kinetic energy (eddy) to eddy

Cascades



Potential to kinetic energy (n)

Kinetic energy (mean) to eddy

Kinetic energy (eddy) to eddy

Cascades



Cardesa et al. (2017) Science. 

Evolution of kinetic energy 
iso-surfaces at different 

filter widths






Beyond Fourier: A definition of cascade based on filtering

Aluie et al. 2018

L < l < ld

l is the filter width that sets a threshold such that all the scales above l are retained and all scales below it are filtered out



Beyond Fourier: A definition of cascade based on filtering



Beyond Fourier: A definition of cascade based on filtering

Kinetic Energy 
Transfer from 

sub-filter scales to 
filtered-scales 

Positive value: Downscale transfer of KE

Negative value: Upscale transfer of KE

Stress tensor Strain rate



Hurricane Nature Run (Nolan et al. 2013) serves as our numerical 
case study
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Kinetic Energy 
Transfer from sub-

filter scales to 
filtered-scales Positive value: Downscale transfer of KE

Negative value: Upscale transfer of KE

Further results will be presented at the 34th AMS Conference on Hurricanes and Tropical Meteorology 

9D.6 Coherent structures in energy cascades during hurricane rapid intensity changes
Saiprasanth Bhalachandran, Stanford University, Stanford, CA; and Morgan O'Neill

https://ams.confex.com/ams/34HURR/meetingapp.cgi/Paper/372860
https://ams.confex.com/ams/34HURR/meetingapp.cgi/Paper/372860
https://ams.confex.com/ams/34HURR/meetingapp.cgi/Paper/372860


Pre-RI
Sub-filter-scale flux 

(kg m2 s-3)

Mid-RI

Post-RI

The non-stationary geography of the KE cascade …



Get in touch: saipb@stanford.edu
Further information: https://sites.google.com/view/saiprasanth/

In the pipeline …

1. Does the classical picture of KE cascade from turbulence literature apply to a hurricane vortex?

2. Identify the spatially coherent phenomena within a hurricane vortex responsible for energy transfer 
that is local in space and scale 

3. What energetic scales directly correspond with intensity changes? 

mailto:saipb@stanford.edu
https://sites.google.com/view/saiprasanth/
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