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Abstract

A simplified model for the sea surface momentum and enthalpy transfer coefficients are
suggested. The main impact of droplets on the boundary-layer dynamics arises from the effect of
the ‘spray force’ on the momentum balance of the air—spray mixture. The efficiency of the
impact of spray via the ‘stratification effect’ is significantly weaker. The ‘spray force’ effect
originates from the action of the vortex force on the marine atmospheric boundary layer (ABL)
dynamics; this force results from the interaction of the ‘rain of spray’ with the wind shear. This
effect leads to the acceleration of the airflow and the suppression of turbulence in the
atmospheric boundary layer above the spray generation layer. It is shown that the drag

coefficient C,,, levels off at a wind speed of around 30 m/s and further decreases with

increasing the wind speed as approximatelyocU;”. Action of the spray force results also in

increase of the turbulent mixing coefficient in the spray generation layer. As a consequence, the
vertical gradients of the “scalar” quantities (air temperature and humidity) in this layer are
reduced with respect to the reference (no spray effect) gradients and are increased in the entire
ABL above this layer. This in turn leads to the enhancement of the bulk transfer coefficient both

for the sensible and latent heat. Both, suppression of the drag coefficient,Cy,,, and increase of
the enthalpy transfer coefficient,C ,, result in rapid rise of the C;,,/C;,, ratio above the
critical value of C.,/C,,,=0.75 at U, >40 m/s. Thus suggested model predicts that energy

gain from enthalpy exceeds that lost from drag, providing the necessary conditions for tropical

storms development.



1. Introduction

The vertical fluxes of momentum, sensible heat and latent heat (or water vapour) at the sea
surface control the air-sea interaction processes at a range of scales from local to global and play
a key role in numerous research areas and applications providing the boundary conditions for
atmospheric and ocean models. Their realistic parameterization to a large extent determines the
quality of weather and climate modelling. In operational models, the surface fluxes are

parameterized in terms of the exchange coefficients for momentum, C,, sensible heat, C, and
water vapour, C_, also called the drag- and heat/mass-transfer coefficients (or, alternatively, in
terms of the corresponding roughness lengths, 7z, z. and Zz., directly linked to the exchange

coefficients through the logarithmic wall law). For the low to moderate wind speeds, a general
consensus has been achieved on the dependence of the above coefficients (or roughness lengths)

on the mean wind speed, U, and fetch. In particular, it is recognised that 7, (and thereforeC)
monotonically increases with increasing U, whereas the ratios z./z, ~ zZ /z, decrease, so that
C, and C_ only weakly depend on U (e.g., Zilitinkevich et al., 2001). However, at strong and

extreme winds, the physical nature of the momentum- and heat/mass-transfer is still not fully
understood, and even the general wind-speed dependence of the exchange coefficients remains

rather uncertain.

There is indirect evidence that at strong winds C, no longer increases with increasing U but,
first, levels off and, at extreme winds, decreases. Emanuel (1995) and more recently Zweers et
al. (2010) disclosed through numerical-modelling studies that tropical cyclones simulated using

conventional parameterization of C, (implying its continuous increase with increasing U) do not
attain observed intensities and, moreover, to achieve the observed winds, C, should be taken

about three times smaller than it follows for the conventional parameterization. The first
experimental evidence of the suppression of surface drag in hurricanes was reported by Powell et
al. (2003, 2006) and later confirmed by Jarosz et al. (2007). They have found that C, levels off
and then, at wind speeds exceeding 34 m/s, decreases. French et al. (2007) carried out direct

measurements of the momentum flux at strong winds and also detected levelling off the drag

coefficient at wind speeds from 20 to 30 m/s.

Inspired by the above findings, Makin (2005), Barenblatt et al. (2005), Kudryavtsev (2006) and
Rastigejev et al. (2011) developed theoretical models treating the sea-surface drag reduction
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analogously to the drag reduction in dust storms, as direct consequence of suppression of the
surface-layer turbulence due to presumably strongly-stable stratification caused by suspended
heavy particles (following Kolmogorov, 1954; Barenblatt, 1953; Beranblatt and Golitsyn, 1974).
In all these studies, once the sea-surface drag model had been properly tuned, the required drag
reduction was obtained but, admittedly, via artificial overestimation of the sea-spray
concentrations. In particular, numerical experiments by Rastigejev et al. (2011) based on the
Andreas (1998) spray generation function do not reveal any remarkable impact of the sea spray
on the surface drag (see their Fig.3a); whereas similar calculations (see their Fig.3d) based on the

strongly enhanced spray generation function [after Wu (1993), resulted at U ~ 35 m/s in the

surface volume concentration of droplets of order 10~ or the mass concentration of order 10,
which is four orders of magnitude larger than it follows from the Andreas’s function]
demonstrates the strong impact. However, when mass concentration of spray well exceed 1, and
thus density of the air-droplets mixture significantly deviates from the air one, the momentum
conservation equation (normally used in Boissinesq approximation) losses its validity, and direct

impact of spray on the momentum must be taken into account.

As distinct from the above theoretical models, Andreas (2004) considered the effect of the sea
spray on the density stratification as insignificant. Instead he pointed to the impact of spray on
the momentum balance consideration that a droplet, to be accelerated, extracts momentum from
the air flow, so that the turbulent stress should be reduced in the spray generation layer but
enhanced above this layer. Kudryavtsev and Makin (2011; hereinafter KM11) followed this idea
and developed a theoretical model of the impact of spray on the momentum balance implying
that the droplets affect the air flow basically through the “spray force” caused by the interaction
of the “rain of spray” with the velocity shear. Such spray force just results in the acceleration of
the air flow in the spray generation layer, and suppression of the turbulent stress above this layer.
KM11 also demonstrated that at typically observed concentrations the stratification effect of

spray is negligible compared to the spray-force effect.

In the present paper we employ the KMI11 model to develop a practically oriented
parameterization of the sea-surface drag and heat/mass transfer at strong and extreme winds

typical of tropical cyclones (hurricanes and typhoons) and polar lows

2. Basic effects of the sea spray on drag reduction

a. Governing equations



At very high wind speeds, the sea droplets are torn off from the breaking waves and injected into
the airflow at the height of the breaking-wave crests. This essential feature of the spray
generation is taken into account in the mass- and momentum-conservation equations in the form

of the volume source, V, defined as the rate of injection of droplets per unit volume (Fairall et

al. 1990, 2009; Kudryavtsev 2006). A similar term, namely, the volume source of the momentum
(the rate of injection of the momentum of droplets per unit volume) has never been taken into
account and, to the best of our knowledge, it was first introduced in the moment conservation
equation by KM11. With due regards to these volume sources, the conservation equations for the

volume concentration of droplets, S, and the momentum become:

2 (sw-[asr)=v,, ()
%(pm)wwﬁz—ga @)

where s'w' and pm are vertical turbulent fluxes of the droplet concentration and momentum,
respectively; a is the terminal fall velocity depending on the droplet radius r; §(r) is the
droplet concentration spectrum [so that S is the integral of §(r) over radii]; p,, is the water
density; p=p,(1+09) is the air-droplet mixture density, where o= (p,—p,)/ p, and p, is
the air density; and F, is the volume flux of droplets, commonly known as the spray generation

function (SGF) defined via the volume source V, as
F=[ vz 3)

The right-hand side of Eq. (2) represents the “vortex force” acting on the airflow due to
interaction of rain of spray with the velocity shear. This force has a clear physical meaning:

because permanent injection of droplets is compensated by their gravitational fall (so
that F = .[aAS(r)dr ), the droplets moving downward through the velocity shear are affected by the

vortex force, and since these droplets are embedded in the airflow, they push the air particles

stimulating acceleration of the airflow.

It is worthy to notice the following: KM11 deriving eq. (2) suggested that the droplets are
“launched” on an altitude above the breaking crest with velocity equal to the wind velocity on

that altitude, i.e. they are accelerated instantaneously once generated. The question may arise:



how does the model (2) take into account the force acceleration of droplets to the wind velocity?

In order to clarify this point, let us rewrite eq. (2) in the form
7(2)=p,, U“’VSUdz— FU (z)} +p,U2,

where 7(Z) =-pu'W is the local turbulent stress, and U,is the friction velocity well above the

surface. To derive this equation we have integrated (2) from “infinity” (where concentration of
droplets is negligibly small) to a level z. This equation describes momentum exchange between
droplets and air particles. Term in the square brackets in the r.h.s of this equation can be called as

“the spray stress”, 7,

7, = pW[FSU (2)-p, fvsUdz} .

The first term in 7, describes impact of droplets on the air momentum (due to the redistribution

of the momentum between droplets and air particles), and the second term —effect of injection of

the droplets momentum. At the sea surfaceU (0) =0, therefore the turbulent stress, 7(+0), at the

lower part of the atmospheric boundary layer but just above the water surface, reads
7(+0) = pw.[:VsUdz+ Xtk

This equation shows that the force applied to the lower part of the atmospheric boundary is a

sum of the stress p,U. associated with the form drag of the sea surface (that can be

parameterized e.g. in terms of the Charnock roughness scale) and additional force required to
accelerate detached droplets to the wind velocity on altitude of their injection. This force acts
just above the breaking wave crests, however considering the atmospheric boundary layer over

“rectifiable” surface; this force is finally emerged as force acting at the mean surface z= z, .

b. Closure

KMI11 employed the traditional closure scheme for the turbulent fluxes of momentum and
droplets: 7=—puW = pK,,0U /9z and q=SW =—K 9s/0z, took the eddy viscosity, K,, , equal

to the eddy diffusivity, Kg, and expressed them after the Monin—Obukhov similarity theory:

K, = Ks =K =«(z/p)"'*(2+2,)/ @ ()



where x = 0.4 is the von Karman constant, ® >1 is a universal function of z/L_ determined

from observations in the thermally stratified atmospheric surface layer, and L is the Obukhov

length based on the buoyancy flux q:
L =(z/p)’"*/x9q. (5)

The natural boundary conditions for U and Sare
e atthe surface (z=0): U =0 and ds/dz=0 (vanishing turbulent flux of droplets);

e atareference level well above the spray generation layer (z=h): U =U, and s=0.

Integrating equations (1) and (2) under these conditions yields

S(zr)=5.(zr)+ .[ozexp[—.[:la)cbdg}a‘vsdz' , (6)

U(2) =“—K*j:c1>dg+ [/ - u@d. (7)

Here, s and V,marked with hats over denotes their spectra over the droplet radii (r);

¢ =In(z+z)) is the integration variable; z, is the sea-surface roughness length specified by the

Charnock relation:

z,=cul/g (&)

with ¢ =1.4x107 [as determined by Kudryavtsev and Makin (2007) for strong winds];
a)=a/(K' T/ p) is the dimensionless fall velocity; S = Ifs/a is the equilibrium droplet

concentration corresponding to the balance between the rates of injection and gravitational

subsidence; U, is the “spray-forced wind velocity”:
u,(2) = 2x") o[ Fds; )

u’ =u,(h) is the spray-forced velocity at z=h (i.e. well above the spray-generation layer); and

u. is the friction velocity at z=h determined by the resistance law:

Cy=(U/U,) =« Uoh(bdg+ (x/ u*)foh(ug - uS)CI)dg}2 , (10)



where C,, is the drag coefficient.

As follows from the above equations, the sea droplets generally affect the dynamics of the
marine atmospheric boundary layer (MABL) in two ways:
e through suppression of turbulent mixing by the density stratification [described by the
stratification function ®(z/L,)],

e through the action of the spray force on the momentum of the spray-air mixture
(described by the spray-forced velocity U, ).

As seen from equations (7) and (10), each of these mechanisms could lead to the acceleration of
airflow and reduction of the sea surface drag. KM11 considered both of them and demonstrated
that in natural conditions the first one (stratification) is practically inefficient, and the observed
drag reduction is quite naturally explained by the spray force action. Below we neglect the effect

of stratification and thus essentially simply the KM11 model.

The key element of the problem in question is the spray-generation function, which determines
the vertical profiles of the spray concentration and the wind velocity, equations (6) and (7), and
the drag coefficient, equation (10). Although the spray-generation function (SGF) is currently

known with great uncertainty (Andreas, 2002), for our purposes it is sufficient to know that, in

terms of the volume flux the empirical SGF has the quadratic spectral shape, Ifs(r) o< 1?, with the
spectral cut-off at the droplet radii ranged from r, = 200um [after Andreas (2002) field data] to
r, of order Imm [after Anguelova et al. (1999) and Fairall et al. (2009) laboratory data]. In both
cases the spume droplets related to the maximum in the SGF spectrum (r ~r,) can be treated as
heavy droplets with the dimensionless terminal fall velocity w >>1. Then, because the integral

SGF, F, = J. Ifs(r)dr , 1s basically determined by the largest droplets, the large- @ approximation

is sufficient for our analysis.
c. Simplification

For the sake of simplicity, we approximate the vertical distribution of the SGF by the step-like

function
F(u,2)=F/(u)H(1-2/d), (11)

where F'(u.) is the spray flux at the surface, H(X) is the Heaviside function [H(X)=1 at
x>0,and H(X)=0 at x<0], d is the depth of the spray generation layer, linked to the wave
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number Kk, of shortest breaking wave producing spume droplets: d =2k.'. Then the vertical
profile of the volume source,V,, becomes the delta-function; and at @ >>1, with the accuracy to

1/ w, Eq. (6) simplifies to
S(zr)=S.(zr)(z/d)”, (12)

where z' = max(d,z). This relation states that inside the spray generation layer the droplet

concentration is controlled by the balance between the breaking crests tearing and gravitational
settling; and this layer it sharply decreases due to inefficiency of the turbulent transport of heavy
droplets.

As follows from Eq. (1), in this approximation the turbulent flux of droplets turns into zero
atz<d, and becomes q=F'(z/d)® atz>d, where w,=a@(r,)>>1. Correspondingly, the

Obukhov length Eq. (5) has a finite value in a thin layer aroundz=d, with thickness of

orderd / @,. The effect of stratification on the momentum balance is characterized by the

integral | = '[Oh L.'dz= xkgdw;'F. / (r/ p)’* and becomes negligible when | << 1. KM11 solved

the problem numerically and, for reasonably determined SGF and @, >>1, estimated that the

integral | is small as compared to unity up to the highest possible wind speeds. Hereinafter, we

neglect the stratification mechanism by setting® =1.

Then specifying the SGF by Eq. (12), the velocity profile (7) and resistance law (10) become

len[(z+zo)/20]+Z—Klji[ln2(d/ZO)—lnz(d/z')} (13)

where z'=min(z+z,,d), and

oF! B
CDhE(u*/Uh)z:K{ln(h/zo)+4—mlln2(d/zo) : (14)

Both empirical data (Andreas, 1999) and prior theoretical analysis (Kudryavtsev and Makin,
2009) demonstrate that the SGF sharply increases with the increasing wind speed: F. o U/, so
that equations (13) and (14) describe the acceleration of airflow and the drag reduction with the
increasing wind speed. The term describing the impact of spume droplets on C,,, increases very
rapidly — asu; . However, its significance thoroughly depends on the surface value of the SGF.
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Following KM11, we identify the depth of the spray generation layer, d, with the inverse wave
number of the shortest breaking waves producing spume droplets. Alternatively, d is linked to
the significant-wave height (e.g., Andreas, 2004). Because d appears in Eq. (14) under the

logarithm, the drag coefficient, C, , is rather insensitive to its choice.

3. Parameterization

a. Spray generation function

As already motioned, the spray generation model proposed by Kudryavtsev and Makin (2009)
and modified by KMI11 is based on the assumption that the droplets torn off from the crests of
breaking waves are injected into airflow at the level of breaking waves. Pulverization of the
water/foam into droplets takes place in a thin boundary layer adjacent to each breaking wave
crest. The rate of the droplet production from individual breaking crests is proportional to the
wind speed; the size distribution of the droplet volume concentration is proportional tor”; and
the total volume production of droplets is proportional to the total length of the wave breaking
fronts, where the main contribution comes from the shortest breaking waves with the wave

numberk =k, . At moderate wind speeds (less than 15 m/s), the wave number of the shortest
breaking waves carrying white caps is k, =5 rad/m (Gemmrich et al., 2008). At higher wind

speeds, crests of the shorter breaking waves, not visible as white caps, are disrupted by the wind
due to the Kelvin—Helmholtz instability. Then the upper limit of breaking waves producing

droplets extends towards smaller scales, up to K, =25 rad/m. This expansion of the range of

breaking waves capable of atomising into droplets, results in the “explosive” growth of the SGF.

KM11 have chosen the SGF model parameters by fitting to the empirical function of Andreas
(1998) and laboratory data on the spray generation of Fairall et al. (2009), Koga (1981) and
Anguelova et al. (1999) shown in Figure 1. This model is simplified without loss of accuracy
taking

F)=cu.(u,/c)’, (15)

where ¢, =1.6x10" is an empirical constant, and ¢, = c(K,) is the phase velocity of the shortest

breaking waves producing spume droplets. Its wave number Kk, is defined as

Ky = max(K,e,Ky,) » (16)



where K,. =5 rad/m is the wave number of the shortest breaking waves generating white caps,
and Kk, is the upper limit of the range of wind waves whose breaking crests are disrupted

aerodynamically by the Kelvin-Helmholtz instability. KM11 determined K, as
Ko =+/0/ ymin[ 5.5x107(0.04u,, / u ~1.2),0.07], (17)

where ¥ is the water surface tension, and U = 0.45m/s is the critical friction velocity.

Equations (15)-(17) comprise the proposed very simple parameterization.

Figure 1 shows the SGF versus the wind speed at 10-m height, u,,, after KM11 (solid line), our

parameterization (dotted line) and empirical data. Sharp growth of the spume droplet production
at wind speeds from 15 to 20 m/s results from the Kelvin—Helmholtz instability leading to the
disruption of the crests of short breaking waves. The dashed line show the so-called “heuristic”
SGF deduce by Andreas (1998) from his empirical SGF multiplied by the factor of 10 — to fit it
to modelling the effect of spray on the intensity of tropical cyclones (Andreas and Emanuel,
2001). Open circles and triangles show the Fairall et al. (2009) and Toffoli et al. (2011)
laboratory data. We emphasise that the spume-droplet flux sharply decreases above the breaking
wave crests. Because the laboratory measurements were carried out in the layer between 15 and
30 cm above the crests, it is natural that the laboratory values of SGF are much smaller than the
surface values. Within the order of magnitude, the KM11 model and our approximation,
equations. (15)-(17), are consistent with empirical data. It is worth noticing that the shape of the
wind-speed dependence of SGF according to the KM11 model or Eq. (15) almost perfectly

coincides with its shape in laboratory experiments.
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Spary Generation Function [m> m™2 s™1]

-1
U [ms 7]

Figure 1. The spume-droplet spry generation function (SGF) versus the wind speed at 10 m
height, u,,. The dashed line shows the Andreas (1998) “heuristic” SGF; the solid and dashed-

dotted lines, the SGF at the surface and at 30 cm height, respectively, after the KM11 model; and
the dotted line, our parameterization, Eq. (15). Open circles show the Fairall et al. (2009)
laboratory measurements in the layer from 15 to 30 cm; and open triangles, the Toffoli et al.
(2011) laboratory measurements (their Fig.4).

b. Drag coefficient

Substituting Eq. (15) for F” in Eq. (14), the drag coefficient is expressed as:

Con=(u/U,) =& [In(h/ z)+A,]", (18)

where z, is the Charnock’s aerodynamic roughness length, Eq. (8), and the term A describes

the impact of the spume droplets:
A,=c¢.(U,/c). (19)

Here, the dimensionless coefficient C,=co/(4x)In*(d/z)=6.4x10"° can be taken as

constant. Indeed, with the increasing wind speed, the friction velocity at the sea surface, U, , has a
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tendency to level off (due to the drag reduction), which is why the combination In*(d/z),

generally dependent on u,, also levels off.

In the last decade serious efforts we made to investigate experimentally the wind-speed
dependences of the drag coefficient,Cy,, = (u,/ uw)z, and friction velocity, u,. Powell et al.
(2003) analyzed 331 profiles obtained by GPS sondes, dropped in 15 storms from 1997 to 1999
and revealed levelling off of the surface stress at wind speed exceeding 34 m/s. Powell (2006)
extends this analysis to 2664 GPS-sonde profiles covering the period 1997-2005 and including

wind speeds up to 80 m/s. The extended dataset evidenced that the drag coefficient generally
decreases from its maximal value, exceeding2- 107, to less than 10~ at wind speeds > 50 m/s,
which corresponds to levelling of the friction velocity at u, between 1.5 and 2 m/s. As seen from
Figure 2, these essential features of the sea-surface drag at strong winds are quite well
reproduced by the proposed parameterization. At u,< 20 m/s it coincides with the Charnock
relation, Eq. (8), implying unlimited grows of both C;,, and u,, but at stronger winds it fully
deviates from Eq. (8) and almost perfectly reproduces observed decrease in C,,, associated with

levelling off u, . Independent data of Jarisz et al. (2007) also shown in Figure 2 basically confirm

the above conclusions.

u, [ms™]

0 20 40 60 80 0 20 40 60 80
-1 -1
Uy [ms 7] U [ms 7]

Figure 2. The wind-speed dependences of the drag coefficient C,,, for h = 10 m (a) and the

friction velocity U, (b). Solid lines are plotted after Eq. (18) accounting for the effect of spray;

dashed lines, after the Charnock relation, Eq. (8), disregarding this effects. Open circles show
experimental data from Fig. 7 of Powell (2006), stars show similar data from Fig.3 of Powell et
al. (2003). Vertical lines indicate the 95% confidence limits. Both data sets are obtained from
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measurements between 20 and 150 m above the surface. Dotted lines show the quadratic
polynomial approximation of data from Figure 3 of Jarosz et al. (2007).

The resistance law, equations (18)-(19), can be expressed through the effective roughness length,
Z,:
Con =K /1In*(h/Z,) (20)

where

2
Z, =L exp(-A, ). 21)
g

Alternatively, the resistance law can be presented in terms of the wind-speed dependence of the
“Charnock parameter”, defined as Z,g/u’ and tuning into the Charnock constant, c, , at U, < 20
m/s. In Figure 3 we use this format to illustrate dramatic inconsistency of the traditional sea-

surface drag formulation at wind speed exceeding 30 m/s.

10 w ; w

10

10

Zog/u

10

10

10

0 20 40 60 80
-1
U, [ms 7]

Figure 3. The wind-speed dependence of the Charnock parameter, ¢, =Z,g/U;. The dashed

line shows its reference (no-spray) value. The solid line is plotted after Eqgs. (19) and (21).
Circles and starts show the same data of Powel et al. (2003, 2006) as in Figure 2.
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As shown by KM11 (see their Fig.1¢), in the presence of droplets the turbulent stress in MABL
is no longer constant with height. Using Eq. (13), the “local friction

velocity”,/7/ p = k(z2+Z,)0U / dz, is expressed as
o F’' (d
JT/p=u|l+——=In| — ||, (22)
2K U, z
where z'=min(z+z,,d). Above the spray generation layer, it turns into U, , and inside the layer,
at z<d, it grows toward the surface From (22) using (15), the turbulent shear stress 7, = 7(0)

acting on the lower part of the atmospheric boundary layer can be parameterized as
r./p=u(1+A,) (23)

where A, =c,(u,/c,)’ with c.=c.o/(2x)In(d/z)=4.5x10", where following the above
reasoning the “slowly” varying function In(d /z,) is absorbed in the constant. Near-surface
stress (23) is larger than the turbulent stress in the core of MABL (above spray generation layer).
We remind, that within the frame of the considered model, there is the stress discontinuity at the
surface: the difference between 7, and stress acting on the water surface p,U. (from drag) is the

force required to accelerated the droplets to the wind velocity.

c. Enthalpy transfer coefficient

The question now, - is such a model behaviour of the drag coefficient sufficient for
improvement of the tropical storms and polar lows modeling and forecast. Emanuel (1986, 1995)
found that the maximum predicted wind speed is proportional to the ratio of the bulk coefficients

for enthalpy (C,,,) and momentum,C,,, / C,,, and the most plausible range of C,,, /C,,,1s 1.2
to 1.5, with a lowest value of 0.75. For C,,, / Cy,, < 0.75 the energy lost due to drag exceeds that

gained from enthalpy, and tropical storms die down. However the ratio of existing standard
enthalpy and momentum coefficient, calculated according the traditional parameterizations is
about 0.5 and decreases if these coefficients are extrapolated to high winds (see e.g. Fig.6
below). Thus if these values of the coefficients are used, the hurricane will not develop. As noted
by Drennan et al. (2007), the present operational hurricane model uses a bulk flux algorithm
where the roughness lengths for humidity and temperature are equal to the aerodynamic
roughness length. This fact clearly does not support the data, but meets the Emanuel criterion,

that presumably explains why such an algorithm is used in hurricane models.
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Enthalpy is the sum of the sensible heat and latent heat, and its turbulent flux is the sum of

corresponding heat fluxes. We assume that surface roughness length for temperature ( z,) and
humidity (z,,) are the same, 7, =z, (see e.g. Zhang et al., 2008). In the present study we

ignore the impact of droplets evaporation on sensible and latent heat balance. In this case the

enthalpy transfer coefficient,C,,, is equal to either sensible, C,,,,, or latent, C_,,, heat transfer

coefficient. We consider below behaviour of the latent heat transfer coefficient keeping in mind

that obtained relation describes as well the enthalpy transfer coefficient.
Ignoring the impact of droplets evaporation, the humidity balance reads:
E =Kodq/dz=const, (24)

where q is the specific humidity, E is its turbulent flux, and K = xz\/7/ p 1is the turbulent eddy

viscosity coefficient where local friction velocity is defined by (22). Then the gradient of the

humidity reads
-1
dW__E 1+£&1n(9) (25)
0z KUz 2K U, z'

where z'=min(z+ z,,d), and shows that due to enhanced turbulent mixing, vertical gradient of

the humidity in the spray generation layer, z<d, is increased relative to its value in the layer

above. Equation (25) can be integrated from the low bound z=7,, (Z,, is the roughness scale

for humidity) to arbitrary height z. For the heights above spray generation layer>d, the vertical

distribution of humidity reads:

a(2)—-q, =Ku£*{ln(z/ Zoq)—ln(d / zoq)[l—A;1 1n(1+AT)}}

(26)
= E iz Zq)

Bk

where @ is specific humidity at the surface, parameter A, is the same as in (23), and Z, is the

effective roughness scale for humidity accounting for the impact of spray:
Z()q — Zoq(d / Zoq)l—ln(HAT)/A, (27)

Calculations of the effective roughness length Z;, are shown in Fig.4. At small A, the effective

roughness scale Z,, equals the local roughness scale zoq and the humidity profile (26) is reduced
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to the “standard” log-profile o< 1In(z/ 7). At high wind speeds, when parameter A, is expected

to be large, the effective roughness scale is growing towards the depth of the spray generation

layer:Z,, —>d.

105HHH|}|f'|||HHH|}'|H|||HV|{|HHV||H 2-5X10
a) ' b)
104 E| 2 //
3 ///
10 o 15 =
o
(@)
N 10 1
10" 0.5
0
10 0
20 40 60 80 0 20 40 60 80
-1 -1
U,lms ] U, [ms™]

Figure 4. a) The effective humidity roughness length Z,, defined by (25) scaled by the reference
value z,, vs wind speed. Thick dash line indicates its model asymptotic value corresponding to

the spray generation layer depth. b) Humidity transfer coefficient defined by (28) or (27) (solid
line) and the reference one (dash line) vs. wind speed.

Equation (26) gives the following relation for the humidity bulk transfer
coefficientCy,, = E/[(0,, — AU, | :

K
CEIO = CI13/120’ (28)

[In(10/ 2,)~In(d /) 1-A; In(1+4,) |

that can be also expressed in terms of the effective roughness scale for the momentum, Eq.(21),

and humidity, Eq.(25), as

K.Z

CE]O = .
ln(IO/ZOq)ln(IO/ZO)

27)

Calculations of the reference (impact of spray is ignored) and the model humidity bulk

transfer coefficient defined by Eq. (28) or (27) are shown in Fig.4b. In these calculations the

reference humidity roughness scale is specified as 7, =10"°. The reference calculations are
performed on (28) at A, =0. The behaviour of C.,, with increasing winds results from an

interplay between fast growth of the effective roughness length for humidity Z,, (see Fig.4a)
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and rapid fall of the effective roughness length for momentum Z;, (see Fig.3). At wind speed
above 20 m/s enhanced turbulent mixing in the spray generation layer, and growth of Z;,
compensates levelling off of C,,, therefore C;,, continues to grow. However, at wind speeds
U,, >40 m/s suppression of the roughness length prevails over the Z,, growth, and thus C,, is

levelling off and then decreases at higher winds.
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Figure 5. Ratio of the humidity and the momentum transfer coefficients. Dash line is reference
run (no spray effect), solid line is ratio of model C,, defined by (28) (or (27)) to the model C;,,

defined by (20). Dotted line indicates the critical level C,,/C,,, =0.75 introduced by Emanuel
(1995). For C.,,/C,,, <0.75 the energy lost to drag exceeds that gained from enthalpy, and

tropical storms die down. Shaded area indicates the most plausible range of the ratio suggested
by Emanuel (1995): 1.2<C,,/C,,, <1.5.

The ratio of the humidity to the momentum transfer coefficients is shown in Fig.5. The
reference ratio (shown by dash line) is significantly lower than the critical value
Ceio / Cpyp =0.75 for hurricane development (Emanuel, 1995). At wind speeds above 20 m/s the
model ratio accounting for the impact of spray, deviates from the reference values and at wind
speeds above 40 m/s exceeds the threshold value. In the range of wind speed range 55 m/s to

60m/s the model ratio corresponds to the most plausible value of Cg,,/C;,, from 1.2 to 1.5
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suggested by Emanuel (1995), and continues to grow at higher winds. In the wind speed range

from 20 m/s to 30 m/s the model values are consistent with the mean value C;,,/C,,, =0.63

reported by Drennan et al. (2007) and Zhang et al. (2008) after their direct measurements of

momentum and enthalpy flux within the atmospheric boundary layer of a hurricane.

4. Conclusion.

Thus, the proposed simplified model/parameterizations are capable of predicting the
suppression of the surface drag at high wind speeds as a consequence of a reasonable choice of
the model parameters related to the spray generation. The main impact of droplets on the
boundary-layer dynamics arises from the effect of the ‘spray force’ on the momentum balance of
the air—spray mixture. The efficiency of the impact of spray via the ‘stratification effect’ is
significantly weaker. The ‘spray force’ effect originates from the action of the vortex force on
the MABL dynamics; this force results from the interaction of the ‘rain of spray’ with the wind
shear. This effect leads to the acceleration of the airflow and the suppression of the turbulence in

the ABL above the spray generation layer. It is shown that the drag coefficient C,, levels off at
a wind speed of around 30 m/s and further decreases with increasing the wind speed as
approximately o< U, . This trend in C,, is in agreement with experimental data of Powell et al.

(2003), Powell (2006) and Jarosz et al. (2007) acquired in hurricanes.

Action of the spray force results also in increase of the turbulent mixing coefficient in the
spray generation layer. As a consequence, the vertical gradients of the “scalar” quantities (air
temperature and humidity) in this layer are reduced with respect to the reference (no spray effect)
gradients and are increased in the entire ABL above this layer. This in turn leads to the
enhancement of the bulk transfer coefficient both for the sensible and latent heat. Both,

suppression of the drag coefficient,Cy,,, and increase of the enthalpy transfer coefficient,Cg,,,
result in rapid rise of the C,/C,,, ratio above the critical value of C /C,,=0.75 at
U,, >40 m/s. Thus suggested model predicts that energy gain from enthalpy exceeds that lost

from drag, providing the necessary conditions for tropical storms development. Suggested
parameterizations can be tested and implemented in numerical atmospheric, storm surge and
wind wave models, - especially in the range of high wind speed conditions, when standard

parameterization of the drag and heat transfer coefficients are not valid.
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