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My HRD Collaborators

Modeling Team

We fly into hurricanes, study the hurricanes, create next 
generation numerical models and data assimilation techniques... 

https://www.aoml.noaa.gov/hurricane-modeling-prediction/ 



Advanced Indo-US workshop on Modeling 
and Data Assimilation for Tropical Cyclone 
Predictions, 9-14 July, 2012

The Global Initiative for Academic 
Networks (GIAN), India, 2018

My Collaborators



History: The 2005 Hurricane Season

The 2005 season was the most destructive for 
United States landfalling storms, largely due to 
Hurricane Katrina. Damage estimates for the 2005 
season are over $100 billion dollars. Hurricane Rita 
was the strongest hurricane in AL

Hurricane Katrina

Hurricane Rita



HFIP: Making Hurricane Forecasts Better

http://www.hfip.org/

Goals

Improve Forecast Accuracy

Hurricane impact areas (track) – 50% in 10 
years

Severity (intensity) – 50% in 10 years

Rapid intensity change detection

Extend forecast reliability out to 7 days

Quantify, bound and reduce forecast uncertainty to enable 
risk management decisions

Response

Improving coupled models, observation, DA techniques as 
well as invest on improved understanding of Hurricanes, 
especially those that undergo RI. Created HWRF system Credits: Gus Alaka

MSU ORION, 2018



State-of-the-art in TC forecasting

The 2020 Atlantic hurricane season was the busiest 
year since 2005 and second busiest since 1990. There 
were 30 named storms, of which 14 developed into 
hurricanes (cover page image), with 7 major hurricanes.

Improved  Global and Cloud-Permitting  Regional  models, observation, DA 
techniques as well as our investments on improved understanding of Hurricanes 
have all let to significant to TC forecast improvements

Credits: Mike Brennan NHC
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HFIP: State-of-the-Art

NOAA Capacity for Advancing Hurricane Prediction

Credits: NHC

http://www.noaa.gov/marine-aviation
http://www.noaa.gov/research
http://www.noaa.gov/satellites
http://www.noaa.gov/fisheries
http://www.noaa.gov/oceans-coasts
http://www.noaa.gov/weather
https://www.commerce.gov/
http://www.noaa.gov/
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Basin-Scale HWRF: A Bridge to Next-Generation

G Alaka, X.Zhang and Gopal,” High 
Defination Hurricanes: Improving 
Forecasts with Storm-Following 
Nests”,  BAMS, 2022

Intensity skills -vs- operational HWRF improves with number 
of moving nests in the domain. As much as 30% for 4 or more 
storms in the basin scale domainBASIN-HWRF: For Improved Land-storm 

Storm-storm Interactions

Tropical Cyclones 1000’s of miles apart 
could influence each other via outflow 
region. Storm following nests  offers a 
reliable NWP solution for capturing these 
interactions  

X.Zhang et al. Representing multiple 
scales in the HWRF modeling system: 
Design of multiple sets of movable 
multi-level nesting and the basin-scale 
HWRF forecast verification. WAF,  2016

http://www.noaa.gov/marine-aviation
http://www.noaa.gov/research
http://www.noaa.gov/satellites
http://www.noaa.gov/fisheries
http://www.noaa.gov/oceans-coasts
http://www.noaa.gov/weather
https://www.commerce.gov/
http://www.noaa.gov/
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Next-Generation Developments: UFS-HAFS developments

Initial Operational Capacity (IOC, 2023) : 
Regional domain, storm-centric, one 
moving-nest configuration of HAFS; Two 
configurations of HAFS based on physics 
diversity is expected to replace HWRF and 
HMON

Both IOC versions of HAFS shows about 10% 
improvements in track forecasts and about 5-10% 
improvements in intensity forecasts compared to HWRF

Credits: Zhan Zhan and EMC 
team

Credits:  William Ramstrom, CIMAS/AOML

* One of the strategic plans of 2017 weather act

http://www.noaa.gov/marine-aviation
http://www.noaa.gov/research
http://www.noaa.gov/satellites
http://www.noaa.gov/fisheries
http://www.noaa.gov/oceans-coasts
http://www.noaa.gov/weather
https://www.commerce.gov/
http://www.noaa.gov/


O2S: Improving Understanding of Hurricanes  

Idealized HWRF framework  has 
been used  for conducting control 
experiments and for understanding 
modeled intensification process 
[Gopal et al, 2011 (MWR), Bao et al., 
2012 (MWR), Gopal et al, 2013 
(MWR), Kieu et al, 2014 (GRL), 
Halliwell et al, 2014 (MWR), D.-L. 
Zhang et al. ,2014 (MWR), Zhu et al, 
2015 (GRL)]



Axisymmetric Models: Cooperative Intensification Theory

(1) Ooyama, K.V. 1969. Numerical simulation of the life cycle of tropical cyclones. J. Atmos. Sci., 26, 3–40.
(2) Montgomery, M. T. and R. K. Smith, 2014: Paradigms for tropical-cyclone intensification. Aust. Meteorol. Ocean.,  64, 37-66
(3) Kurihara, Bender and Tuleya - GFDL publications.

     HWRF idealized simulation
Azimuthally averaged Primary Circulation

Azimuthally averaged Secondary Circulation

Intensification Pathway:
 Heating → Pressure Adjustments → 
Secondary Circulation → 
increased Convergence of angular momentum 
→strengthening 



Role of Vertical Mixing in the Hurricane Intensification Problem



Influence of Vertical Eddy Diffusivities on Structure and Intensity Predictions

Vertical diffusion negates gradients. Stronger the diffusion, weaker are the gradients and the subsequent radial 
frictional forces. Weaker the diffusion, stronger the acceleration

Agradient forces cannot be ignored for improved hurricane forecasting 
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Use of P3 Observations for Improving HAFS Physics

HAFS default PBL Physics too diffusive

● Gopalakrishnan, S., A. Hazelton, and J.A. Zhang. Improving hurricane boundary 
layer parameterization scheme based on observations, 2021. AGU- Earth and 
Space Science

● Hazelton, A., J.A. Zhang, and S.G. Gopalakrishnan. Comparison of the 
performance of the observation-based hybrid EDMF and EDMF-TKE PBL schemes 
in 2020 tropical cyclone forecasts from the Global-nested Hurricane Analysis and 
Forecast System, 2022. Weather and Forecasting, 

Hurricane Michael 2018

http://www.noaa.gov/marine-aviation
http://www.noaa.gov/research
http://www.noaa.gov/satellites
http://www.noaa.gov/fisheries
http://www.noaa.gov/oceans-coasts
http://www.noaa.gov/weather
https://www.commerce.gov/
http://www.noaa.gov/


Forecaster’s Challenge Shear & Convection

Weak shear/ near-
symmetric intensification1

Intensification Pathway 1: Heating → 
Pressure Adjustments → Secondary 
Circulation → Convergence

Intensification Pathway 2:  Symmetric 
vertical plumes → Warm Core → 
Pressure drop -→ Secondary 
circulation   

Gopal et al, 2011 (MWR), Bao et al., 2012 (MWR), 
Gopal et al, 2013 (MWR), Kieu et al, 2014 (GRL), 
Halliwell et al, 2014 (MWR), D.-L. Zhang et al. ,2014 
(MWR), Zhu et al, 2015 (GRL)

Strong shear/            
Asymmetric Intensification

Chen and Gopal, 2015 (JAS), Leighton et al, 
2018 (JAS), Gopal et al, 2019, (Mausam) and 
Green et al, 2021 (Atmosphere), Hazelton et 
al., 2020 (MWR)

Large  shear/            
Dissipation 

Balachandran et al, 2019 (Nature 
Scientific Report)



Intensification of sheared TCs

Aug 26, 2010, 18 Z forecast



Hurricane Earl (2010): How close is the forecast with reality?

Aug 26, 18 Z forecast

Persistent convection down shear left, pre-RI; Down shear left  & 
up shear left during RI. Convection was asymmetric during  RI



Hurricane Earl (2010): Convection & Eddy Vorticity Fluxes

Persistent Convective bursts especially within Ro produced positive eddy vorticity fluxes leading to spin-up 

Asymmetric convection. Almost nothing in the Northern quadrant 

Red: Spin-up
Blue: Spin-down



Hurricane Edouard (2014): Importance of the Azimuthal  location of convection 

18 UTC Sept 11, 2014
40 member-ensembles



Hurricane Edouard (2014): Role of Eddy Fluxes

RI member

- Significant mean-spin up within the PBL  in both cases
- Radial Eddy Vorticity fluxes contributes to spin-up in RI and spin-down in NI members
- Location of the convective bursts matters!

Leighton et al., 2018

NI member



Understanding the Role of Mean and Eddy Momentum Transport in Rapid 
Intensification of Hurricane Irma (2017) and Hurricane Michael (2018)

Hurricane Irmal, 2017

Green et al., 2021

Hurricane Michael, 2018

Green et al., 2021

Supported by NERTO program



Spin-Up: Boundary Layer -vs- Eddy

Hurricane Irmal, 2017 Hurricane Michael, 2018

Green et al., 2021

Red: Spin-up
Blue: Spin-down

- Mean advection of absolute vorticity is a significant forcing term in either cases
- Radial Eddy Vorticity fluxes contributes significantly to spin-up in RI of Hurricane Michael



The devil is in the details!

Although a fully three-dimensional 
model is required to understand 
the real TC intensification problem, 
when viewed from an 
axially-averaged framework, the 
basic axisymmetric theory of 
intensification is still valid for all 
cases

Intensification Pathway:
 Heating → Pressure Adjustments → 
Secondary Circulation → 
increased Convergence of angular momentum 
→strengthening 



Multi-Scale Interactions



Structure Predictions: Known and the Unknowns



Coupled Models: Known and the Unknowns



Ensembles and probabilistic predictions



Summary & Conclusions

● An overview of NOAA’s  Hurricane Forecast Improvement Program (HFIP), especially, related 
to  modeling activities is provided

● Improved models, DA techniques, observations and, above all, improved understanding of 
the TCs from models and observations have all led to better intensity predictions.

● The state-of-the art HWRF and later HAFS model was used to explore processes that have 
been shown to be important to TC intensification

● A brief review of existing axisymmetric theory for the intensification of TCs is also provided
● Importance of unbalanced forces in the PBL for improved structure and intensity prediction is 

illustrated.
● We investigated how TCs intensify in sheared environment
● That is still the “tip of the  iceberg”. There are more unknowns than knowns!
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Abstract 
Predicting intensity changes, in particular, rapid intensity changes, in tropical cyclones (TCs) is a complex and challenging multiscale problem. To 
improve intensity forecasts, NOAA created the Hurricane Forecast Improvement Program (HFIP) in 2009. Supported by HFIP, significant progress 
has been made in the prediction of TC intensity changes by upgrading numerical models, advancing data assimilation techniques, expanding the 
observations assimilated into numerical models and, above all, investing in basic research to better understand TC intensification. In this 
presentation, we will discuss how the Hurricane Weather Research and Forecasting (HWRF) and, more recently, the Hurricane Analysis and 
Forecast System (HAFS) models have been used to understand the TC intensification problem. A brief review of the axisymmetric theory for the 
intensification of TCs is also provided. However, TCs are rarely axisymmetric. The asymmetric structure in the inner core of a TC may be 
generated by both internal dynamics and external forcing due to environmental factors such as wind shear and moisture. We used retrospective 
forecasts produced by HWRF and HAFS to investigate the role of shear-induced asymmetries in the rapid intensification of TCs. We seek to 
address the following questions: How do TCs rapidly intensify in a sheared environment? What is the role of eddy fluxes in TC intensification? Is 
the well-accepted theoretical framework of TC intensification still valid for sheared storms undergoing rapid intensification? We will also provide a 
brief overview of other studies in which we have used HWRF to advance our understanding of the forecast problem and discuss the challenges 
and unknowns.


