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What is the Inflow angle in g
hurricanes? 

The inflow angle (α) is defined as the 
arctangent of the ratio of radial (vr ) andarctangent of the ratio of radial (vr ) and 
tangential (vt) wind components 

α = tan-1 (v /vt)
vt

α
α  tan (vr /vt)

Negative v represents radial inflow vr
Negative vr represents radial inflow

4The inflow angle represents the local trajectory of 
mass transport to the storm center 



Tangential and radial wind speed (m/s)
i h h i b d lin the hurricane boundary layer

Vt VrVt Vr

x

Composite analysis using hundreds of GPS dropsondes from 13Composite analysis using hundreds of GPS dropsondes from 13 
hurricanes (J. Zhang et al. 2011) 



Why is the inflow angle important in hurricanes?
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Inflow angle and storm surge modeling
Peng et al. (2006)

7
Sea surface elevation simulations forced by the Holland (1980) 
parametric wind model with different inflow angles



Inflow angle and wave modelingInflow angle and wave modeling
Zhao and Hong 2011Zhao and Hong 2011

WAVEWATCH III simulations forced by Willoughby et al (2005)
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WAVEWATCH III simulations forced by Willoughby et al. (2005) 
parametric wind model with different inflow angles 



Inflow angle is a key dynamical parameter 
for boundary layer theory verificationfor boundary layer theory verification

Kepert (2010)Kepert (2010)

9
The slab-model inflow angle exceeds 20◦ between 70 and 360 km radius and 
exceeds 30◦ from 90–220km radius, which seems unrealistically large.



Inflow angle and Model evaluation

Bryan (2012)

Th li t th l f d d
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The gray line represents the average value from dropsonde
observations reported by Powell et al. (2009)



Very limited observational studies on 
hurricane surface Inflow angle 

Th l b ti l t d b P ll (1982) h i
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The only observational study by Powell (1982) showing 
inflow angle asymmetry in Hurricane Fredric (1979)



Remote-Sensing Observation of Wind g
Vector in Hurricanes

N di i i i i• Nadir-viewing passive microwave 
radiometer is insensitive to wind 
direction (e.g., SFMR);

• Active microwave sensors (e g• Active microwave sensors (e.g. 
Scatterometers) attenuate in heavy rain 

ith limited resol tionwith limited resolution;
• High resolution synthetic aperture radar g y p

(SAR) observed wind direction has 
ambiguous problemambiguous problem
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SAR wind retrieval is sensitive to wind direction 

13B. Zhang and Perrie (2011 BMAS)



H*WIND 
A l iAnalysis

Surface windSurface wind 
direction is 

corrected from 
flight-level 

winds
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GPS dropsondep
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Dropsondes from 18 hurricanes 
(1997-2010)(1997-2010)

The center positions p
have been determined 
using the flight-level 
data to fix the stormdata to fix the storm 
center using the 
algorithm developed 
by Willoughby andby Willoughby and 
Chelmow (1982). 

V l f di fValues of radius of 
maximum wind speed 
(Rmax) are 
determined using the 
SFMR surface wind 
profiles. 
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Zhang and Uhlhorn 2012



Storm informationStorm information

Intensity Size Motion speed

Median Vmax = 56.7 m/s
Median Rmax = 31.8 km

M di V 5 5 /
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Median Vs = 5.5 m/s



Data distribution
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Inflow angle distribution and quality controlInflow angle distribution and quality control
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Impact of storm center position on the 
uncertainty of inflow angle calculationuncertainty of inflow angle calculation

Monte Carlo simulation of 1000 realizations

Error is

20
Normalized 
by std(α)



Inflow angle vs 10 m wind speed and distance

Little dependenceLittle dependence 
of axisymmetric 
inflow angle oninflow angle on 
local surface wind 
speed;

A weak but 
statisticallystatistically-
significant 
dependence on thedependence on the 
radial distance.
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Axisymmetric Inflow angle vs y g
storm intensity, size and motion speed
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Inflow angle vs storm intensity by distance
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Inflow angle asymmetry and storm 
motion speed

LFLR RF RRLFLR RF RR

0º

RFLF

0º

90º-90º

24
0º is pointed to the storm 
motion direction

RRLR

180º-180º



Inflow angle asymmetry - normalized amplitude
]cos[_ 11   PAasy 
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Inflow angle asymmetry - phase
][  PA ]cos[_ 11   PAasy 
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Parametric inflow angle modelParametric inflow angle model

 )]*([)*()*()*( VPVAVAVV


 


 )]*,(cos[)*,()*,(),,*,( 11max0max sssSR VrPVrAVrAVVr
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



1111 * PsPP cVbraP 

27Coefficients are determined through multiple least square regression.



Axisymmetric component y p
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Asymmetric componentAsymmetric component
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Given a radial wind profileGiven a radial wind profile

30



Model output of the Inflow angle 
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Two random samples for model 
development and evaluation

32



Model validationModel validation

24% variance can be explained by the storm motion 
induced asymmetry.

33

induced asymmetry. 
Possible sources of errors: 1) storm center position; 2) 

randomness of the turbulent nature.



Model Verification using Hurricane Frederic 
data from Powell (1982)data from Powell (1982)
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Model verification using data from 
Hurricane Earl (2010)
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Model verification using data from 
H i E l (2010)Hurricane Earl (2010)

36



Hurricane Earl (2010/08/29)( )
storm motion speed ~ 7m/s

Storm 
direction
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Possible applications of the inflow pp
angle model

• Remote sensing:  SFMR, 
QuickSCAT/SeaWinds, SARQuickSCAT/SeaWinds, SAR

• H*WIND
• Model evaluation
• Model initialization
• Forcing ocean wave and storm surge• Forcing ocean, wave and storm surge 

models that requires parametric wind 
d lmodel
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Improve SAR wind retrieval with the 
i fl l d linflow angle model  

RADARSAT-2 dual-polarization SAR image 
over Hurricane Bill on August 22, 2009

Vs 9 4 m/sVs=9.4 m/s

Vmax=35m/s

39
B. Zhang et al. 2013



Application: Infrared-based tropical cyclone 
surface windssurface winds

Hurricane Ivan (2004) Hurricane Dennis (2005)

Credit: J. Knaff, NOAA Center for Satellite Applications and Research



Application: Infrared-based tropical cyclone 
surface windssurface winds

Hurricane Ivan (2004) Hurricane Dennis (2005)

Credit: J. Knaff, NOAA Center for Satellite Applications and Research



Hurricane Hugo (1989) flight
Marks et al. (2008); J. Zhang et al. (2011)

Observation-based physics upgrade leads 
to improvement in intensity forecast 

Vertical eddy diffusivity (Km) 
Jun Zhang et al. (2011)
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Model evaluation after physics upgrade in 2012-version operational HWRF



I fl l d i SLOSH dInflow angle used in SLOSH and some 
storm surge modelsg

Phadke et al. (2003)

The Zhang and Uhlhorn (2012) model can
44

The Zhang and Uhlhorn (2012) model can 
provide the asymmetry of the inflow angle 



Summary
1. Data from over 1800 dropsondes were analyzed to study the 

distribution and variability of surface inflow angle in hurricanes;

2. The mean inflow angle is found to be –22.6 ± 2.2° (95% 
confidence). 

3. Composite analyses show little dependence of axisymmetric 
inflow angle on local surface wind speed, and a weak but 
statistically significant dependence on the radial distance fromstatistically-significant dependence on the radial distance  from 
the storm center and storm intensity.

4 S f f f4. Significant inflow angle asymmetries are found to depend on 
storm motion speed. 

5. A parametric  model of low-wavenumber inflow angle variability 
as a function of radius, azimuth,  storm intensity and motion 
speed, is developed.p , p
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EndEnd

Thanks!Thanks!
Questions?Questions?
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Does hurricane intensity depend on 
i fl l ?inflow angle? 

47Malkus and Riehl (1960)
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Th ti l l tiTheoretical explanation

• Shapiro (1983)

• Kepert (2001) : PBL height and InertialKepert (2001) : PBL height and Inertial 
stability
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Defining PBL height in hurricanes
(Jun Zhang, Rogers, Nolan, and Marks, 2011 MWR)

h – inflow depthh inflow – inflow depth

hvmax- height of the 
maximum tangential wind 

speed (Vt)

Zi - mixed layer depth from 
the virtual potentialthe virtual potential 
temperature profile

Ricr-critical Richardson 
number defined as 

buoyancy to shear forcing

Flux – momentum flux fromFlux momentum flux from 
CBLAST-hurricane exp

Max Vt in storm rel coordinates occurs well within the inflow layer and 
within the frictional boundary layer associated with strong inflow that 
arises in part because of the departure from gradient wind balance. 


