
I. MOTIVATION AND OBJECTIVES

Effect	of	polydisperse	spray	on	hurricane	and	severe	storm	dynamics
Yevgenii Rastigejev   email: yarastig@ncat.edu                                                             Sergey A. Suslov 

VI. NUMERICAL SIMULATION: MECHANICAL EFFECT OF SPRAY

II. EFFECTS OF OCEAN SPRAY ON TROPICAL CYCLONE

IV. MATHEMATICAL MODEL OF SPRAY-LADEN MABL

VII. CONCLUSIONS

North Carolina A&T State University, Greensboro, NC, 27411                                             Swinburne University of Technology, Australia

j

ACKNOWLEDGEMENTS
The authors acknowledge support by a grant from the National Science 
Foundation, U.S.A. under Awards No. 1832089 and 2302221 

Motivation:

Wide observational and theoretical evidence exists that ocean spray strongly affects hurricane dynamics 
thermodynamically and mechanically by modifying the vertical enthalpy and momentum fluxes, respectively. It 
has been shown that both these influences of ocean spray essentially depend on the size of spray droplets. 
Hence, accounting for the droplet size distribution is important for accurate description and modeling of the 
spray effect on hurricane dynamics. 

Objectives:

Ø Develop a rigorous and consistent Eulerian multi-fluid model of a Marine Atmospheric Boundary Layer 
(MABL) laden with polydisperse spray. 

Ø Carry out an in-depth study of the ocean spray effect on hurricane dynamics using numerical and 
theoretical analyses of the MABL model.

The effect of the ocean spray on the hurricane dynamics is two-fold:

I. Thermodynamic (Rastigejev & Suslov 2016, 2019). Evaporating sea spray modifies latent and sensible heat fluxes in 
a MABL.

II. Mechanical (Rastigejev & Suslov 2022). Sea spray affects the vertical momentum transport. 

Accelerating effect due to turbulence attenuation by the spray --- Droplet Slip (DS) and “Gravity Lubrication” (GL)

Decelerating effect due to spray inertia.

The thermodynamic and mechanical effects are 
coupled but coupling is not symmetric (Rastigejev 
& Suslov, JPO 2019) 

Hence, the mechanical effect can be considered separately.
+ various constitutive relationships 

E-epsilon (k-epsilon) 1.5 order model  

<latexit sha1_base64="anU7JhiohQj4dlKJXLBABjSsCi4="></latexit>

d

dz

✓
ka⇢d

d✓

dz

◆
=

NX

i=1

�i (Ta � Ti)

Thermal energy  conservation 

Multi-fluid Eulerian model of MABL laden with polydisperse sea spray  

Spray continuity 

horizontal wind speed

horizontal spray motion 
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vertical spray motion
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Momentum conservation 

potential air temperature 

spray temperature
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The decelerating effects of spray inertia 

Horizontal velocities of injected droplets 
are much  smaller than that of the airflow,
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The accelerating  effects of spray due to turbulence suppression, two mechanisms 

II. “Gravity Lubrication” (GL) due to upward transport of spray by the turbulent flow 

Turbulent flow lifts spray ⇨ it works against gravity ⇨ loses its energy ⇨ 
turbulent transport becomes less intensive ⇨ reduction in  air-ocean drag ⇨ 
wind acceleration

I. Droplet slip (DS) causes air-droplet “friction” that leads to turbulence attenuation 

Turbulent flow loses its energy due to air-droplet friction ⇨  turbulent transport 
becomes less intensive ⇨ reduction in air-ocean drag ⇨ wind acceleration 
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Volumetric density of spray in 
quiescent air

shape function VSGF

uc – characteristic speed of  the airflow, uc =u* or uc =ua10 
r – droplet radius 

Shape of  VSGF,  p(r)
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II. Ortiz-Suslow et al. 2016 
(OS16): 

Spray production intensity s0(uc)
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s0(ua10) = A exp[�(ua10 � ur)]

(Fairall et al. 2009 and others)

(Monahan 1986, 
Wu 1993)
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Large uncertainty over spray production rates:
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fv(uc, r) = s0(uc)p(r)

III. MECHANICAL EFFECT OF SPRAY V. VOLUMETRIC SPRAY GENERATION FUNCTION (VSGF)
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F��. 2. Vertical distributions of (a) air speed, (b) air TKE, (c) dissipation rate of TKE, (d) turbulent viscosity in

the airflow, (e) total spray concentration and (f) total TKE of spray in the MABL for D¢ = 3 ms�1, B0 = 10�4 and

the roughness length given by Charnock relationship (14). The thick dotted, dashed and solid lines correspond

to spray-free air and air laden with spray with the OS16 and A98 droplet size distributions, respectively. The

corresponding thin curves show similar distributions computed for monodisperse spray.
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due to spray inertia. However, the turbulence suppression by spray overpowers its inertia resulting250

in a noticeable wind speed increase a few meters above wave crests (see the solid and dashed lines)251

14

Horizontal velocity (ua) and TKE (ea) of air vs altitude (z) 

I. Due to the larger fraction of small droplets, sea spray with the A98 spectrum shape suppresses air 
turbulence more efficiently than that with the OS16 counterpart for the same value of the volumetric 
spray production intensity s0 causing greater acceleration of the wind above the wave crest level. 

II. Monodisperse spray assumption leads to a quantitative underprediction of the wind speed. 

Reference spray-free atmosphere 

Reference spray-free atmosphere 
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Slight wind deceleration 
due to spray inertia

Wind acceleration 
due to turbulence
attenuation
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OS16 shape of the SGF

Reference spray-free 
atmosphere 

The spray-induced reduction of drag causes the wind  to accelerate above the wave crest level.  The 
reduction of the drag coefficient (Cd) occurs even at relatively low  spray concentrations. Cd reaches its 
maximum at the volumetric spray concentration ~10-4, which corresponds to the spray mass fraction of 
~10%.

A98 shape of the SGF

Reference spray-free 
atmosphere 
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We consider the exponential and power law 
relations for the dependence of the 
volumetric density s0 on the wind speed 

Cd vs u10 for different correlation laws between s0 and u* (ua10) 
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s0(ua10) = A exp[�(ua10 � ur)]

qThe Eulerian multi-fluid model has been developed to describe a marine atmospheric boundary layer 
laden with polydisperse ocean spray. The model considers droplets of various sizes and air as separate 
interacting turbulent continua.

qThis approach enables us to account for the turbulence attenuation due to air-droplet slip (DS) and due 
to the “gravity lubrication” (GL), and the effect of spray inertia.  

qThe acceleration due to DS is much stronger than due to GL and occurs even for low volumetric spray 
concentrations s0~10-4 (~10% spray mass mixing ratio). This can explain a substantial air-ocean drag 
reduction detected in field observations.

qTwo “shapes” of the volumetric spray generation function, A98 and OS16, have been studied. The 
fraction of large droplets in OS16 is much higher than that in A98. The shapes yield substantially different 
values of the air-sea drag coefficient Cd for volumetric spray concentrations s0≳10-4

.

qPolydisperse spray results are generally not quantitatively comparable to those obtained using a simpler 
monodisperse-spray approach. In particular, the monodisperse spray model may underestimate the 
spray-induced wind acceleration.

qNumerical simulations show that thin layers, where the turbulence is strongly suppressed (turbulent 
viscosity is small), may develop a few meters above the wave crest level for sufficiently large values of 
volumetric spray density s0 and friction velocity u*. Such layers effectively act as slip sheets between the 
air and the ocean. The presence of these structures causes a rapid decrease in the air-sea drag coefficient 
and an increase in wind speed. 
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Collapse of turbulence in a thin layer (“slip sheets”)   

Numerical simulations show that thin layers (~1-2 m), where 
turbulence is strongly suppressed, develop a few meters above the 
wave crest level for large values of spray volumetric density s0 and 
the friction velocity u* and the A98 spectrum. The presence of 
these structures causes a rapid decrease in the air-sea drag 
coefficient followed by a strong increase in the wind speed.  
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Suppression of turbulence  

Moisture conservation 
<latexit sha1_base64="hZDSFFmzxLmnb2PirSr3xMPKr44="></latexit>
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• Six orders  of magnitude in  field  experiments (the wind speeds ≲ 20 m/s)
• Two-three orders of magnitude in laboratory experiments (the wind speeds ≲ 60 m/s)

      How to relate: Laboratory ⇰ Field ???: 2-3 orders of magnitude difference

<latexit sha1_base64="GkqrN+1yOd7Nab15Rn4r7RBwtJ8=">AAAB/HicbVDLSgMxFM34rPU12qWbYBHcWGakVJdFNy4r2Ae045BJM21oJglJRhyG+ituXCji1g9x59+YPhbaeuDC4Zx7ufeeSDKqjed9Oyura+sbm4Wt4vbO7t6+e3DY0iJVmDSxYEJ1IqQJo5w0DTWMdKQiKIkYaUej64nffiBKU8HvTCZJkKABpzHFyFgpdEs69GAPSanEI/S9+/ysOg7dslfxpoDLxJ+TMpijEbpfvb7AaUK4wQxp3fU9aYIcKUMxI+NiL9VEIjxCA9K1lKOE6CCfHj+GJ1bpw1goW9zAqfp7IkeJ1lkS2c4EmaFe9Cbif143NfFlkFMuU0M4ni2KUwaNgJMkYJ8qgg3LLEFYUXsrxEOkEDY2r6INwV98eZm0zit+rVK7rZbrV/M4CuAIHINT4IMLUAc3oAGaAIMMPINX8OY8OS/Ou/Mxa11x5jMl8AfO5w8RK5PE</latexit>

s0 ⇡ 10�4

<latexit sha1_base64="33ApqH4R7RCxI5jWPIVu44TVRvM=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgxpBIbV0W3bisYB/QxDCZTtqhk0mYmYgldOfGX3HjQhG3/oI7/8Zpm4W2HrhwOOde7r0nSBiVyra/jcLS8srqWnG9tLG5tb1j7u61ZJwKTJo4ZrHoBEgSRjlpKqoY6SSCoChgpB0MryZ++54ISWN+q0YJ8SLU5zSkGCkt+eah9G3ooiQR8QOsWRXoKhoRCR37Ljs9H/tm2bbsKeAicXJSBjkavvnl9mKcRoQrzJCUXcdOlJchoShmZFxyU0kShIeoT7qacqSXedn0jzE81koPhrHQxRWcqr8nMhRJOYoC3RkhNZDz3kT8z+umKrzwMsqTVBGOZ4vClEEVw0kosEcFwYqNNEFYUH0rxAMkEFY6upIOwZl/eZG0ziynalVvKuX6ZR5HERyAI3ACHFADdXANGqAJMHgEz+AVvBlPxovxbnzMWgtGPrMP/sD4/AEQsZeK</latexit>

s0 ⇡ 7.4⇥ 10�5
<latexit sha1_base64="d1Ogc2KXDp/b7xA1INd4y/Qy/Ak=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgxpBIqS6LblxWsA9oYphMJ+3QSWaYmYgldOfGX3HjQhG3/oI7/8bpY6GtBy4czrmXe++JBKNKu+63VVhaXlldK66XNja3tnfs3b2m4pnEpIE547IdIUUYTUlDU81IW0iCkoiRVjS4GvuteyIV5emtHgoSJKiX0phipI0U2ocqdKGPhJD8AXpOBfqaJkRBz73LTyuj0C67jjsBXCTejJTBDPXQ/vK7HGcJSTVmSKmO5wod5EhqihkZlfxMEYHwAPVIx9AUmWVBPvljBI+N0oUxl6ZSDSfq74kcJUoNk8h0Jkj31bw3Fv/zOpmOL4KcpiLTJMXTRXHGoOZwHArsUkmwZkNDEJbU3ApxH0mEtYmuZELw5l9eJM0zx6s61ZtKuXY5i6MIDsAROAEeOAc1cA3qoAEweATP4BW8WU/Wi/VufUxbC9ZsZh/8gfX5AwWul4M=</latexit>

s0 ⇡ 1.4⇥ 10�4

<latexit sha1_base64="24tlQZKpnHCriGdScbDqftI31lk=">AAACBXicbVC7TsMwFHV4lvIKMMJgUSGxUCVVVRgrWBiLRB9SEyLHdVqrjmPZDqKKurDwKywMIMTKP7DxN7htBmg50pWOzrlX994TCkaVdpxva2l5ZXVtvbBR3Nza3tm19/ZbKkklJk2csER2QqQIo5w0NdWMdIQkKA4ZaYfDq4nfvidS0YTf6pEgfoz6nEYUI22kwD5SgQM9JIRMHmAFeprGREHXucvOquPALjllZwq4SNyclECORmB/eb0EpzHhGjOkVNd1hPYzJDXFjIyLXqqIQHiI+qRrKEdmmZ9NvxjDE6P0YJRIU1zDqfp7IkOxUqM4NJ0x0gM1703E/7xuqqMLP6NcpJpwPFsUpQzqBE4igT0qCdZsZAjCkppbIR4gibA2wRVNCO78y4ukVSm7tXLtplqqX+ZxFMAhOAanwAXnoA6uQQM0AQaP4Bm8gjfryXqx3q2PWeuSlc8cgD+wPn8AGXiXDg==</latexit>
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Mechanical Thermodynamic
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