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ABSTRACT

This paper focuses on parameterizing the effect of sea spray at hurricane-strength winds on the momentum
and heat fluxes in weather prediction models using the Monin-Obukhov similarity theory (a common
framework for the parameterizations of air-sea fluxes). In this scheme, the mass-density effect of sea spray is
considered as an additional modification to the stratification of the near-surface profiles of wind, temperature,
and moisture in the marine surface boundary layer (MSBL). The overall impact of sea-spray droplets on the
mean profiles of wind, temperature, and moisture depends on the wind speed at the level of sea-spray gen-
eration. As the wind speed increases, the mean droplet size and the mass flux of sea-spray increase, rendering
an increase of stability in the MSBL and the leveling-off of the surface drag. Sea spray also tends to increase
the total air—sea sensible and latent heat fluxes at high winds. Results from sensitivity testing of the scheme in
a numerical weather prediction model for an idealized case of hurricane intensification are presented along
with a dynamical interpretation of the impact of the parameterized sea-spray physics on the structure of the

hurricane boundary layer.

1. Introduction

The energy transfer through the air-sea interface, cast in
terms of heat and momentum fluxes in weather prediction
models, is a major controlling factor of hurricane in-
tensification. Results from theoretical studies (see
Emanuel 1995) suggest that the ratio of enthalpy bulk
transfer coefficient to surface drag coefficient must be in
the range of 0.75-1.25 in order for simulated hurricanes to
be of realistic intensity. However, the observed value of
this ratio over the sea is between 0.6 and 0.7 at moderate
wind speeds within the range in which reliable direct flux
measurements exist (Black et al. 2007). While observa-
tional determination of the ratio is not available for 10-m
winds beyond 30 m s~ because of technical difficulties,
the use of the traditional bulk formulations for the en-
thalpy transfer and drag coefficients results in the ratio
decreasing significantly below 0.7 at extreme wind speeds
(>40 m s~ ). One possibility for this discrepancy is the
failure of the traditional bulk transfer coefficients to take
into account the effect of sea spray (Fairall et al. 2009).

The omnipresence of sea spray in the marine surface
boundary layer (MSBL) has long been observed under
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hurricane-strength winds. In contrast, the effect of sea
spray on the air-sea momentum and heat fluxes at
hurricane-strength winds and how the effect is parame-
terized in numerical weather prediction (NWP) models
are relatively new subjects of very active investigation.
High surface winds (>30 m s~ ') generate large reentrant
sea-spray droplets (Fairall et al. 2009), which tend to
increase the sea—air enthalpy transfer and, thus, have
a positive feedback to the intensification of hurricanes
(Andreas and Emanuel 2001). On the other hand, sea
spray is generated at the expense of the momentum of
turbulence at the air-sea interface, which inevitably
causes the air—sea turbulent momentum flux to change.
The combined feedback effect of sea spray on the overall
air-sea momentum and enthalpy fluxes has not been well
understood since such a combination, in general, adds to
the complexity of air—sea interaction. It is interesting to
note that because of the difficulty in making observations
in the hurricane surface layer, the evaluation of the im-
portance of sea-spray effect has been performed using
NWP model simulations of tropical cyclones and the re-
sults from these simulations are, to a great degree, de-
pendent on their representation in numerical models
(e.g., Bao et al. 2000; Wang et al. 2001).

Powell et al. (2003) presents an analysis of the air-sea
momentum transfer as a function of 10-m wind speed for
high winds in tropical cyclones using the wind profiles
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measured by global positioning system (GPS) sondes.
They find that the surface drag coefficient levels off as
the wind speeds increase above 35 m s~ '. This finding is
contrary to surface flux parameterizations that are cur-
rently used in NWP models. They speculate that sea
spray may play an important role in this behavior.
Analysis of the measurements from the Slope to Shelf
Energetics and Exchange Dynamics (SEED) project
(Jarosz et al. 2007) confirms the trend of the dependence
of the drag coefficient on 10-m winds that is revealed by
Powell et al. (2003). Makin (2005) and Andreas (2004)
further confirm that the consideration of the sea-spray
effect on the air-sea momentum transfer does lead to
the trend of the dependence of the drag coefficient on
10-m winds that is similar to that presented in Powell
et al. (2003). Despite the technical challenges in making
direct observations of the modification of sea spray to
air-sea heat and moisture fluxes at high winds, recent
measurements of bulk air—sea fluxes of momentum and
heat from the Coupled Boundary Layers Air—Sea Trans-
fer (CBLAST; Black et al. 2007) strongly suggest a dif-
ferent trend of the dependence of the heat exchange
coefficient on 10-m winds that is widely used in NWP
models (Zhang et al. 2008). All these studies point out the
need to account for the effect of sea spray in the calcula-
tions of air-sea momentum and enthalpy fluxes in NWP
models.

In this paper, we propose that the effect of sea spray
be considered as an additional modification to the strat-
ification of the profiles of wind, temperature, and mois-
ture in the MSBL, and thus they can be parameterized in
NWP models using a common framework of parame-
terizations of air-sea fluxes: the Monin—Obukhov simi-
larity theory. The proposed parameterization scheme
assumes that wave breaking and sea-spray generation
takes place on the subgrid scale, and the air drag that
accelerates sea spray is part of the air—sea interfacial
stress. Sea-spray generation due to wave breaking is as-
sociated with turbulent gusty flows that are related, but
not equal, to the grid-resolved mean flows through the so-
called subgrid Reynolds stress in the governing equations
for the grid-resolved flows.

This paper is intended to 1) describe how the effect of
sea spray is parameterized in a hurricane NWP model,
and 2) demonstrate numerically how sensitive the model
simulated surface fluxes and atmospheric boundary
layer (ABL) structure are to the parameterized effect in
an idealized simulation of hurricane intensification. The
rest of the paper is organized as follows: in the next section,
the overall effect of sea spray on dynamics in the MSBL is
discussed in the context of the budget equation of turbu-
lence kinetic energy (TKE) and its connection with the
Monin—-Obukhov similarity theory; the parameterization
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of the sea-spray effect on sensible and moisture heat fluxes
is described in section 3; section 4 presents the parame-
terization of the sea-spray effect on the momentum flux;
section 5 summarizes the physical attributes of the pa-
rameterization scheme that includes the parameterized
effect as introduced in the previous two sections; section 6
presents the results from three sensitivity simulations us-
ing a commonly used NWP model to numerically dem-
onstrate and dynamically interpret the impact of sea spray
on the intensification of tropical cyclones; and conclusions
are provided in section 7.

2. Dynamical and thermal effect of sea spray

The dynamical aspects of sea spray can be addressed
through the budget equation of TKE in the MSBL,
which in the absence of sea spray, is governed approxi-
mately by

- (uw)E + —
9z 0, 0z

a ((Ew)  (pw) _DE
_< > T ) ST D
(2.1)

where z is the vertical coordinate; ( ) denotes mean
(following the Reynolds convention); E is twice the
TKE; U is the mean horizontal velocity of air motion; u
and w are the eddy components of U and the vertical air
motion, respectively; 0, and 6, are the mean and eddy
components of virtual potential temperature, respectively;
p and p are the pressure and density of air (including
moisture), respectively; ¢ is the dissipation rate of TKE;
and g is the acceleration of gravity. The virtual potential
temperature used here is defined as dry potential tem-
perature multiplied by (1 + 0.608g — ¢,), where q is the
mass fraction of water vapor in the air (i.e., the specific
humidity) and ¢ is the mass fraction of liquid water. The
right-hand side of Eq. (2.1) is the total derivative of E.
Here details of the complex wavy geometry of the sea
surface are ignored by treating the quantities of interest in
an average sense (Mueller and Veron 2009).

When sea spray is present in the MSBL, the budget
equation of TKE is rendered into the following form:
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where 0, is the perturbation in virtual potential tem-
perature caused by heat transfer between air (of virtual
potential temperature ®,) and sea spray (of mean vir-
tual potential temperature 6,,, at the droplet surface),
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o = (p, — p)lp is the relative excess of the density of
seawater p,, over the density of air, V/is the fall speed of
sea-spay droplets, and S is the volumetric concentration
of sea-spray mass. The last term including Vrepresents
the rate at which turbulent energy is consumed for spray
droplets to be suspended in the flow against gravity (see,
e.g., Adams and Weatherly 1981). This equation shows
that the impact of sea spray on the budget equation of
TKE is taken into account by adding an additional term
to the buoyancy production and an additional term in
the dissipation due to the suspension of sea spray by
turbulence.

After a simple rearrangement of the above equation
using the friction velocity us. defined as y/ —(uw), one
can obtain the following dimensionless budget equation
of TKE:
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where k is the von Karman constant. The second term of
the left-hand side can be expressed as —z/L, where L is
defined as

i
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and has a dimension of length.

An important aspect of the dimensionless TKE bud-
get equation is that each of the dimensionless terms in
the equation should depend only on a dimensionless
parameter z/L. In fact, in the absence of sea spray (i.c.,
8(0,.5pw)/0, = 0 and goVS = 0), this equation connects
the scaling argument of the Monin—-Obukhov similarity
theory and the dynamical aspect of the budget equation
of TKE in the surface boundary layer. This equation
suggests that the parameterizations of the feedback ef-
fect of sea spray on the momentum and heat fluxes can
be based on the following assumption: the turbulent
eddies responsible for turbulence mixing are mostly
generated by shear and the variations of static stability
due to sea-spray loading modify the log profiles of wind,
temperature, and moisture corresponding to the so-
called neutral stratification. As noted by Stull (1997),
the Monin—-Obukhov similarity theory is based on the
same assumption that takes into account the feedback
effect (i.e., modifications) of variations in static stability
caused by turbulent heat fluxes to the log profiles of wind
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and temperature. Given the prominent role that the
Monin—-Obukhov similarity theory plays in the calcula-
tion of the momentum and heat fluxes in the MSBL,, it is
natural to consider the feedback effect of sea spray on
the fluxes by assuming that the Monin—Obukhov simi-
larity theory is still valid in the sea-spray-laden MSBL,
provided the length scale parameter is chosen properly.
Therefore, if we define Ly, = fui/K(g(Ou’Spr@U), and
0, and 6, are the mean and eddy components of virtual
potential temperature, respectively; ® and 6 are the
mean and eddy components of potential tempera-
ture, respectively; and Q and g are the mean and eddy
components of specific humidity, respectively; the
conventional Monin—Obukhov similarity relations [with
ém(z/ o), and ¢y(z/Lyvo) and ¢(z/Lyvo) being func-
tions of z/Lyio],

kz U
ZE = ¢m(Z/LMo)7
KzZUyx 00
WE = d)h(Z/LMO)’ and
KZlUy 90
*<QW>*¥ = d)c(Z/LMO)’ (25)

can be extended to include the sea-spray effect by
replacing the conventional Monin—Obukhov length Lyo
with L as defined previously [Eq. (2.4)]. The parame-
terizations of the feedback effect of sea spray on the
momentum and heat fluxes come down to the param-
eterizations of the sea-spray modification to the fluxes
and mean profiles calculated using the conventional
Monin—-Obukhov similarity relations. That is, in the
presence of sea spray and ignoring the wavy geometric
effect of water surface, both the formulations of the MSBL
momentum, sensible heat, and moisture fluxes have the
following functional form:

b - k(U — Uy)
¥ In(z/zg) — ¥, (z/L)
—((ow) + (6,w)) k(® — 0,)
Uy  In(z/zyp) — ¥, (z/IL) and
—(lgw) + (g,w)) k(Q — Qy)
Uy B ln(z/zoq) - W, (z/L)y 26)

where z, zor, and zoq are the reference heights for the
zero mean wind, the sea surface temperature, and
moisture, which are slightly above the wave height, 6, is
the perturbation in potential temperature caused by the
sensible heat release from sea spray, ¢, is the pertur-
bation in specific humidity due to the evaporation from
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sea spray, and the subscript 0 of a variable indicates the
value of the variable assumed at the corresponding
“surface” reference height (zo, zor, Or zoq). It should be
pointed out that the premise of the argument behind
these functional forms is that the Monin—-Obukhov
similarity relations hold in the possible range of surface
winds above the wave height and, in particular, the ex-
istence of spray over breaking waves does not invalidate
them. This premise is convenient since Monin—-Obukhov
similarity formulations for surface momentum and heat
fluxes are commonly used in numerical weather pre-
diction models.

It is further assumed that the wind in the hurricane
surface boundary layer is strong enough to render z <
|L| [i.e., the vertical profiles of wind, temperature, and
moisture are slightly departed from those associated
with the neutral stability and the departure is linearly
dependent on z/L; see p. 50 in Garratt (1992)]. Then, the
stability functions in the above flux formulations can
be approximately partitioned into two parts: one is
related to Lyo and the other is related to Ly, (i.e.,
L'=Lyh+ L;gl’ where Ly, = —[ui/k(g(6,w)/0©,)]
and L, = —{u*/K[g<9v’Spw)/®U—ganS]}). That is,
the assumption leads to the following approxima-
tions:

W, (/L) =~V (@l Ly0) + PP (/L,)  (27a)
and

W, (/L) =~ WD (2/Lyo) + VP (ZIL), (2.7b)

sp)’
where superscripts (1) and (2) denote the two parti-
tioned functions that are dependent on z/Lyio and z/Lgp,
respectively. In sections 3 and 4, parameterizations of
the sea-spray modification to the surface momentum
and heat fluxes are developed separately based on these
approximations.

In summary, the challenge of parameterizing how sea
spray modifies the surface momentum and heat (and
moisture) fluxes lies in the determination of the stability
functions associated with Lg,. Nonzero stability func-
tions indicate nonneutral stratification and result in de-
partures of the wind speed, temperature, and moisture
profiles from the so-called neutral ones. Since it is shown
above that the effect of sea spray can be accounted for in
the stability functions for the surface momentum and
heat (and moisture) fluxes, the parameterizations of the
effect can be derived separately from the determination
of the departures from the neutral profiles using the
principle of the enthalpy conservation and the steady
budget equation of TKE. The parameterized effect is
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then implemented together in NWP models consistently
according to Egs. (2.6) and (2.7) to account for the
combined effect of sea spray on the surface momentum
and heat (and moisture) fluxes.

3. Parameterization of the sea-spray effect on the
heat fluxes

Consider a vertically uniform air column of depth D
above the sea surface that has a unit horizontal area. In
NWP models, D refers to the lowest model level where
surface fluxes are defined and calculated. When the
Monin-Obukhov similarity theory is used to calculate
the momentum and heat (and moisture) fluxes between
the sea surface and elevation z = D, Egs. (2.6) and (2.7)
in section 2 indicate that the overall thermal feedback
effect of sea spray on the heat fluxes is to induce changes
to the profiles of wind speed, temperature, and moisture
of the air below the level z = D. Using 67, and 60, to
denote the average changes of the air temperature and
moisture in the column, the goal of the parameterization
of the thermal feedback effect of sea spray is to relate
6T, and 60, to the mean wind speed U, temperature T,
and moisture Q, in the column. Following Andreas and
Emanuel (2001), the principle of enthalpy conservation
is used to determine 67, and 86Q,,.

Let T denote the sea surface temperature and assume
that the column consists of dry air mass m, and water
vapor mass m,,. If the wind speed at the top of the col-
umn is high enough to convert a small amount of sea-
water mass 8m; into spray droplets, the conservation of
enthalpy in the air—sea coupled system requires that the
following equation holds:

[demd + va(mv + f,6m))8T, + L, f,0m,

=c,om[(T, - T,)+ 1A —-f)T,—-T,)] (3.1)
where f, is the fraction of ém; that evaporates; cpq, Cpys
and c,, are the heat capacity of dry air, water vapor, and
seawater, respectively; T,, is the mean wet-bulb tem-
perature in the column; and L, is the latent heat of va-
porization.

If we let p; and p, be the mean densities of dry air and
water vapor in the column, Eq. (3.1) can be written as

[coaPa + Cou(p, + £OMIDYST, + L, f,5m,/D

=c,0m/D(T, —T)+ A —-f)NT,—T,)] (32)
Equation (3.2) immediately leads to the expression of
the air temperature perturbation due to the spray in-
jection and evaporation as follows:
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oT =

Corresponding to this change in temperature is the
change in water vapor mixing ratio, 6Q, = f.6m;/D (or
the change in dew temperature, 67,, which can be ob-
tained using 60, from the Clausius—Clapeyron equa-
tion). The mass variable is computed from the specified
droplet mass flux, Fy,, as ém; = F6t, where 6t is an
adjustment time scale for the droplet evaporation layer.

Afterboth67,and 6Q, are computed according to the
formulations described above, the direct turbulent and
sea-spray mediated sensible and latent heat fluxes (de-
noted with suffixes dir and sp, respectively) at z = D can
be written as

H, gy = pocpuCyULT, = (T, + 8T, (3.4a)
H, g = p,L,CoUIQ(T,) — Q (T, + 8T,)].  (3.4b)
Hqyy = pyc, FylT, = (T, + 8T,)]. (3.4¢)
Hy o = pyLFplO(T, + 6T,) — O(T, + 8T,)],
(3.4d)

where p, is the density of moist air; p,, is the density of
seawater; cp, and c,, are the heat capacity of air (in-
cluding moisture) and seawater, respectively; Qy(T) is
the gridbox mean saturation specific humidity at tem-
perature T; Hy , and H; , denote the sensible and latent
heat fluxes, respectively, where y denotes the associa-
tion with direct turbulence (dir) or sea spray (sp); Cy
and Cg are the exchange coefficients for the direct tur-
bulent transfer of sensible and latent heat at z = D, re-
spectively; and F), and F are the spray droplet mass and
water-vapor fluxes, respectively, where f, = F/F,,. Both
factors Fy; and Fg are specified from the droplet spec-
trum (see Fairall et al. 1994). Subscript dir denotes the
direct turbulent fluxes without the feedback effect of sea
spray that, as specified by Egs. (3.4a) and (3.4b), are
connected with the intensity of turbulence in the surface
layer through the following relations among the heat
exchange coefficient Cy (and Cg), the drag coefficient
Cp, and the friction velocity us:

_ 2 K _ 2
C,=Cp n(Zzg) — ¥, (/g and u, = Cp-U.

The friction velocity u, as a general measure of the
intensity of turbulence in the surface layer and usually
obtained according to the Monin—-Obukhov similarity
theory, is influenced by the suspension of sea spray (see

¢, m/D((T, = T,) + (1 = £)(T, — T,)] — L,f.5m/D
a CodPy + va(pv + f,6m,/D)

(3.3)

appendix A). The parameterization of the sea-spray
influence on u.. is discussed in the next section.

4. Parameterization of the sea-spray effect on the
momentum flux

The effect of sea spray on the surface momentum flux is
realized through its enhancement of airflow stratification—
airflow lamination under gravity—due to mass loading
(see, e.g., Barnes 2008), and thus it can be dealt with
following Barenblatt (1996) and Lykossov (2001). Ig-
noring the thermal effect of sea spray, the solution of the
simultaneous steady equations of droplet mass conser-
vation and TKE budget leads to the following expres-
sion of friction velocity at the level of D, the depth of the
column referred to in section 3 (or the lowest model
level) above the mean sea level (see details in appendix A):

v — kU
x T T /PN
ln<2> - \I'Y
ZO -
aw? [(DYY
arlln{1 + [(7) - 1]} for w#1
1-w 2
_’\I,S = D s
ln{l + aln(—)} for w=1
20
4.1)

where y = 1 — w, 0 = Vylkus, a = Bgr’z,0S,/uk, So =
S(z0), Vyis the mean fall speed of droplets in the MSBL,
o is defined the same as in Eq. (2.2), and B is a constant
associated with a linear approximation of the non-
dimensional vertical gradient of mean wind (see appen-
dix A). It is assumed for simplicity that z, is the level of
wave breaking (i.e., spray generation). It should be
pointed out that the Monin—Obukhov similarity theory
is only valid at heights well above z, where the wave
breaking takes place as revealed by the results from an
explicit simulation of the impact of sea spray on the TKE
budget in the surface boundary layer (Bianco et al. 2011).

Numerical implementation of the parameterizations
of the sea-spray effect in NWP models requires a proper
interface between the direct air-sea turbulent fluxes,
which are computed using the Monin—-Obukhov similar-
ity theory, and the sea-spray effect parameterizations.
In theory, calculating surface momentum and buoy-
ancy fluxes in NWP models using the Monin—-Obukhov
similarity formulations requires solving the equations
for the flux calculations iteratively due to the dependence
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FIG. 1. (left) The 10-m neutral drag coefficient Cp and enthalpy exchange coefficient Cy as functions of 10-m wind
speed following Egs. (3.4) and (4.1). (right) The corresponding ratio of C;/Cp.

of the fluxes on the stability functions, which in turn are
dependent on the length scale Lyso that is defined by the
surface momentum and buoyancy fluxes. Since the
generation rate of sea spray is dependent on the surface
momentum flux, the calculation of the sea-spray effect
should be part of the iterative procedure for the surface
flux calculation. One iterative procedure commonly
used in NWP models is to use the surface fluxes obtained
from the previous time step as the first guess for the
solution at the current time. To follow this procedure, it
is recommended that the above-mentioned parameter-
izations of the sea-spray effect be called in the code of
NWP models right after the direct air—sea turbulent
fluxes are calculated, so that the current spray-modified
friction velocity, sensible heat, and moisture fluxes are
used at the next time step in the determination of the
Monin-Obukhov similarity stability functions that are
required in the calculations of the direct air-sea fluxes.
This will allow the interaction between the direct fluxes
and the spray-mediated fluxes. Special care should also be
taken in the interface when the NWP models are coupled
with wave prediction models.

5. The physics of the parameterized sea-spray
effect

Closing the previously discussed parameterization
scheme of the effect of sea spray on air-sea exchange
processes requires information on the production rate of
droplets at various radii as a function of the wind speed
or wave states. In this study, this information is provided
through the droplet source function based on the phys-
ical model of droplet generation developed by Fairall
et al. (2009). This physical model incorporates the most
recent laboratory measurements and the current
understanding of the turbulence energetics in wave

breaking. It predicts the size spectrum of sea-spray
droplets produced by wave breaking as a function of the
surface wind stress and the wave state. When im-
plemented in an NWP model that is not coupled with a
surface wave model, the wave state is diagnostically de-
termined by the surface wind stress (Fairall et al. 2009).

Figure 1 illustrates the parameterized effect of sea
spray on the 10-m drag coefficient Cp and enthalpy
exchange coefficient Cy, along with their ratio (C;/Cp),
as functions of 10-m wind speed. All the exchange co-
efficients that include the effect of sea spray are calcu-
lated according to the formulations summarized in
appendix B by prescribing 10-m wind speeds and using
the bulk surface flux formulations described in Fairall
et al. (1996) with modifications to include the parame-
terized effect of sea spray according to Eqgs. (3.4) and
(4.1) for 10-m wind speeds greater than 10 m s~ '. The
wave state required for calculating the sea-spray gen-
eration is specified diagnostically by the surface wind
stress. The counterparts of these coefficients and ratio
without the effect of sea spray are also shown in Fig. 1
for comparison. The formulation for Cp, without the sea-
spray effect combines the Fairall et al. (1996) formulation
for low winds and the Moon et al. (2007) formulation for
high winds based on the Powell et al. (2003) observational
analysis. The formulation for C, (assuming C, = Cy =
Cr) without the sea-spray effect shown in Fig. 1 is based
on the Fairall et al. (1996) formulation for low winds and
the extrapolation of the fitting function of the CBLAST
observations for high winds.

The prominent feature shown in Fig. 1 is that the in-
crease of sea-spray mass generation with wind leads to
a reduction (or an increase) in the drag coefficient (or the
heat exchange coefficient) at hurricane-strength winds.
The behavior of Cp, with sea-spray effect as a function
of the 10-m wind is consistent with recent observations
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(Powell et al. 2003; Black et al. 2007; Drennan et al.
2007; French et al. 2007; Zhang et al. 2008) and the
newly developed surface resistance law (Makin 2005;
Andreas 2004) over rough seas associated with extreme
winds, both of which show that the drag coefficient is
reduced at hurricane-strength winds. The impact of sea
spray on both Cp and C; on the 10-m wind speed is
insignificant until the 10-m wind speed is well above
30 m s~ . The dependence of the ratio of C;/Cp, on the
10-m wind speed is consistent with Cp/Cp shown in
Zhang et al. (2008) for 10-m winds below 30 m s~ ' and
in agreement with the theoretical requirement for
a tropical cyclone to intensify (Emanuel 1995) for 10-m
winds above 30 m s~ .

The physical behavior of the scheme is consistent with
the results from the explicit modeling of the TKE budget
of the spray-laden surface boundary layer flow (Fairall
etal. 1994; Kepert et al. 1999; Bianco et al. 2011) and the
parameterized size distribution of sea-spray droplets
(Fairall et al. 2009). When the 10-m wind speed is below
30 m s, the droplets tend to be small in size and tend
to evaporate substantially, and thus tend to cool the
spray-filled layer. When the 10-m wind speed is well
above 30 m s~ ', the size of droplets tend to be so big
that they do not have enough time to evaporate that
much before falling back into the sea. When the large
droplets are still in the air, they have sufficient time to
release sensible heat to the ambient air (Andreas 1990,
1995), increasing the buoyancy of the surface layer and
enhancing the turbulent mixing. On the other hand, the
suspension of sea-spray droplets reduces the buoyancy
and makes the surface layer more stable, lowering the
friction velocity and the downward turbulent mixing of
momentum is reduced. The overall effect of these two
processes is to increase the enthalpy exchange coefficient
and reduce the drag coefficient at high winds (>30 m s~ ').
The fact that sea-spray affects the intensity of turbulence
at hurricane-strength winds has an implication in the
quantitative evaluation of the feedback effect of sea
spray. That is, although the reduction (or increase) in the
drag coefficient (or the heat exchange coefficient) at winds
greater than 30 m s~ ' depends only on the total mass and
size distribution of sea-spray mass generation and is in-
dependent of which bulk scheme is used, the total mo-
mentum and enthalpy fluxes are dependent on how the
direct turbulent fluxes are calculated.

It should be pointed out that the parameterizations of
the sea-spray effect are different from the previous ones
(e.g., Fairall et al. 1994; Andreas 2004; Makin 2005) in
that the influence of sea spray on the air-sea momen-
tum, sensible heat, and moisture fluxes is simultaneous.
It is also worth noting that, although the qualitative char-
acteristics of the above parameterizations are physically
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and dynamically reasonable in comparison with the ob-
servational evidence from Black et al. (2007) and Zhang
et al. (2008), the quantitative aspects of the parameteri-
zations are subject to uncertainties due to the lack of
observations to validate the spray generation function and
the effect of droplets on the air-sea momentum and en-
thalpy fluxes. Furthermore, by using the Monin—-Obukhov
similarity framework, the derivation of the parameteri-
zations uses the assumptions about the steadiness and
horizontal homogeneity of turbulent flow in the surface
boundary layer of tropical cyclones. Admittedly, these
assumptions may not be valid in the hurricane sur-
face boundary layer. Despite the fact that the Monin—
Obukhov similarity theory is widely accepted in the
meteorological community for surface turbulent flux
calculations in NWP models, the steadiness and horizon-
tal homogeneity assumptions may impose a fundamental
limitation on the validity of using the Monin—-Obukhov
similarity theory in NWP models for tropical cyclone
prediction. Thus, the validity of our parameterization
scheme is inevitably affected by such a limitation. There
are also intrinsic uncertainties in the physical model on
which the formulation of the spray generation function is
based. In the parameterization of the sea-spray impact on
the surface momentum flux [Eq. (4.1)], the formulation
for the so-called fall speed is used to estimate the fall
speed at a given elevation for a given size of droplet. It
may not be appropriate to assume that all the droplets
will reach the steady fall speed before they fall back to the
sea. Detailed observations are required to reduce these
uncertainties. It is expected that the quantitative aspects
of the parameterizations will continue evolving as future
observations, along with the increasing theoretical
knowledge of the interaction between turbulence and
sea-spray droplets, become available. Nevertheless, the
conceptual framework presented here will continue to
be useful for properly taking into account the effect of
sea spray in the air-sea momentum and heat transfer
that is formulated in accordance with the Monin—-Obukhov
similarity theory.

6. Sensitivity of an NWP model to the
parameterizations

To demonstrate the impact of the aforementioned
sea-spray parameterizations on an intensifying tropical
cyclone, sensitivity simulations are conducted using the
3.0.1.1 version of the Weather Research and Forecasting
(WRF) model initialized with an idealized vortex. The
WRF model is a nonhydrostatic, fully compressible
mesoscale model (Skamarock et al. 2008). A cyclone-
centered moving grid of 3-km grid spacing and 241 X 241
grid points, which is nested in a steady outer 9-km grid, is
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used for all the simulations. The outer 9-km grid has 481 X
481 grid points. There are a total of 43 vertical levels with
the model top at 50 mb. To initialize the idealized vortex,
the nonlinear balance equation in the pressure-based
sigma coordinate system described in Wang (1995) is
solved within the WRF-grid framework on an f plane
located at 12.5°N. The mass field is derived from the
wind field corresponding to an axisymmetric cyclonic
vortex of maximum surface tangential wind set to 15 m s~
at 280 km from the vortex center that is embedded in
a quiescent flow. The far field temperature and humidity
are based on Jordan’s Caribbean sounding (Gray et al.
1975). In all of the experiments, the sea surface temper-
ature was set to 302.16 K. All the experiments were run
for 7 days. The physics options used in the simulations on
both grids include the Yonsei University atmospheric
boundary layer scheme; the WRF 6-class single-moment
microphysics scheme, which has prognostic equations for
water vapor, cloud water, rain, cloud ice, graupel and
snow; the Dudhia simple shortwave scheme; and the
Rapid Radiative Transfer Model (RRTM) longwave
scheme. No convective parameterization scheme is used.
It is worth mentioning that in the surface flux scheme
coupled with the Yonsei University atmospheric bound-
ary layer scheme, the roughness length z, for momentum
flux is specified using the Chanock relationship, while the
roughness length zo, for the sensible and latent heat
fluxes is defined thorough a friction-velocity Reynolds
number (defined as u,zon/v, where u,, is the friction ve-
locity and v is the molecular viscosity of air). Four sta-
bility regimes are considered in the formulations of the
stability functions. Details of all the physics schemes
including corresponding references are available in
Skamarock et al. (2008).

The impact of the parameterized sea-spray effect on
the simulated minimum sea level pressure and maxi-
mum surface wind speed (defined at the lowest model
level, which is about 30 m above the sea surface) is dem-
onstrated by comparing three sensitivity runs (Fig. 2).
The first run, in which the sea-spray parameterization
is not included, is named the control. In the second run
(named the no-impact-on-heat run), only the feedback
impact of sea spray on the surface momentum flux (i.e.,
the friction velocity u..) is taken into account. The full
impact of sea spray on both the surface momentum and
heat fluxes is taken into account in the third run (named
the full-impact run). There are significant differences in
the intensity of the simulated hurricane. In all 3 runs, the
simulated cyclone intensification rate starts to slow down
and level off by 100 h after the initial time. During this
period of reduced intensification rate (100-160 h), the
minimum sea level pressure is about 40 mb lower, and the
maximum surface wind speed is about 30 m s~ faster in
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FIG. 2. (a) Minimum sea level pressure (mb) and (b) maximum
surface wind speed (m s~ ). The control run (without the sea-spray
parameterization) is in red, the no-impact-on-heat run (with the
feedback of sea spray to the momentum flux only) is in green, and
the full-impact run (with the feedback of sea spray to both mo-
mentum and heat fluxes) is in blue.

the full-impact run than in the control run. In the no-
impact-on-heat run, the maximum surface wind speed is
about 20 m s~ ! faster than the control run, while the
minimum sea level pressure is 20 mb lower.
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FIG. 3. The surface sensible heat flux (W m™2) valid at 120 h into the simulation from (a) the control run, (b) the
no-impact-on-heat run, and (c) the full-impact run. The size of the plotting area is 300 km X 300 km with short tick
marks separated by 3 km and long tick marks by 30 km.

The differences made by the inclusion of the sea-spray
effect in the surface sensible heat, moisture, and mo-
mentum fluxes are shown in Figs. 3-5 valid at 120 h after
the initial time. The momentum flux is shown in terms of
the friction velocity. At this hour, the surface fluxes are
significantly different due to the feedback of sea spray
to the cyclone intensification. In the no-impact-on-heat
run, the surface heat fluxes are reduced corresponding to
the reduction in the turbulence intensity associated with
the reduced surface momentum flux (cf. Figs. 3b—5b and
3a-5a). In the full-impact run, the effect of sea spray
increases the maximum sensible and latent heat fluxes
significantly near the center of the cyclone (see Figs. 3¢

and 4c). The maximum sensible heat flux in the full-
impact run is about 2 times greater than the control and
the maximum latent heat flux is about 10% greater than
the control. The differences in the sensible and latent
heat fluxes also indicate that there is an increase of ef-
fective areal air—sea interface caused by spray droplets.
The surface momentum flux in terms of the friction ve-
locity from the full-impact run is reduced by about 35%
compared to the control run. The increase in the heat
fluxes and decrease in the momentum fluxes are con-
sistent with the trend in the dependence of the drag and
heat exchange coefficients on wind speed that is shown
in Fig. 1. These results support the notion that sea spray
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FIG. 4. As in Fig. 3, but for latent heat flux.

plays an important role in turbulent mixing near the air—
sea interface. It should be noted that the differences in
the surface fluxes are also the consequence of the differ-
ence in the near-surface wind distribution that is caused by
the suspension and evaporation of spray droplets.
Figure 6 compares the hourly time series of the sen-
sible heat flux, latent heat flux, and frictional velocity
at the surface for the 3 runs that are averaged over a
150 km X 150 km box centered on the cyclone center. It
is seen that the full-impact run has the greatest mean
sensible and latent fluxes after about 100 h, while the no-
impact-on-heat run has the least mean latent heat flux,
but similar mean sensible heat flux as compared to the
control run. Both runs with sea spray included have
lower frictional velocities than the control, with the

no-impact-on-heat run having the lowest frictional ve-
locity. These time series confirm the overall effect of sea
spray on the surface fluxes when the surface wind speed
exceeds 40 m s~ ! and the sea-spray production is sig-
nificant enough to reduce the momentum flux but en-
hance the sensible and latent heat fluxes. The time series
of the friction velocity clearly indicates that the mass
loading of sea spray in the MSBL reduces the intensity
of turbulent mixing, leading to the friction velocity in
both runs with sea-spray effect being smaller than the
control run.

Figure 7 illustrates the impact of sea spray on the az-
imuthally averaged structure of the ABL near the sim-
ulated cyclone center averaged from 100 to 160 h into
the simulation for the 3 runs. This is the time period in all
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FIG. 5. As in Fig. 3, but for the momentum flux in terms of the frictional velocity (m s ).

3 simulations where the cyclone intensity begins to level
off. Here, following Smith et al. (2009), the ABL near
the cyclone center is defined as the layer of the near-
surface inflow. In all 3 runs, the maximum tangential
wind speed is within the upper part of the ABL. How-
ever, there are differences in the depth the ABL near the
maximum tangential wind speed. The ABL depth within
the eyewall is greater in the control and the full-impact
runs than in the no-impact-on-heat run (about 1.2 km in
the control and the full impact runs vs 1 km in the no-
impact-on-heat run). This suggests that the ABL depth
in the eyewall tends to be decreased by the increase in
the flow stability due to the sea-spray mass loading, but
is increased by the spray-enhanced total enthalpy flux
from sea to air. That is, the effect of spray mass loading
and enthalpy flux enhancement on the ABL depth in the

eyewall is opposite. It is also obvious that the sea spray
decreases the radius of maximum near-surface tangen-
tial wind speed, but increases the intensity of the radial
inflow. This leads to a physical interpretation for the
positive impact of sea spray on the simulated cyclone
intensification: the mass-loading of sea spray decreases
the surface drag, which reduces the dissipation of the cy-
clone rotation, while the sensible and latent heat fluxes
from the sea to the air are enhanced by sea spray and
increase the buoyancy for deep convection in the cyclone,
which intensifies the cyclone.

Figure 8 depicts the azimuthally and temporarily av-
eraged radius-height cross sections of equivalent poten-
tial temperature 6, within the lowest 3 km around the
eyewall region for the 3 runs. These cross sections exhibit
characteristics of a mature hurricane that are consistent
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FIG. 6. Time series of (a) sensible heat flux (W m2), (b) latent heat flux (W m~2), and (c) friction velocity (m s 1)
at surface averaged over a 150 km X 150 km box that is centered on the cyclone. The red line is the control run, the
blue line is the full-impact run, and the green line is the no-impact-on-heat run.

with the low-level thermal structure of a mature hurri-
cane eyewall shown by Rotunno and Emanuel (1987),
Persing and Montgomery (2003), and Houze (2010, sec-
tion 6). The change in the slope of 6, surfaces between the
inflow and the outflow is the result of convection in the
eyewall transporting higher 6, air from the surface into
the eyewall (characterized by the maximum of the out-
flow above the inflow in the MSBL). The radial gradient
of 0, near the surface corresponds to the radial pressure
gradient associated with the cyclone intensity. When the
radial gradient of 6, increases, the surface pressure at the
cyclone center decreases and the winds at the surface
strengthen. Thus, the differences in the radial gradient

of 0, near the surface clearly show that not only the in-
tensity of the cyclone, but also its near-surface thermal
structure, is strongly influenced by the sea-spray modi-
fication to the air-sea momentum and enthalpy fluxes.

7. Summary and conclusions

A parameterization scheme suitable for numerical
weather prediction models has been developed to account
for the effect of sea spray on the surface momentum and
heat fluxes. This scheme is based on the conventional
Monin-Obukhov similarity theory, which is a common
framework for computing air-sea fluxes in numerical
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FIG. 7. Radius-height cross sections of azimuthally averaged tangential and radial wind components in the lowest
3 km averaged over 100-160 h after the initial time for the (a) control run, (b) no-impact-on-heat run, and (c) full-
impact run. The color shaded contours are the tangential wind component (4 m s~ ! interval), while the contour lines

are the radial wind component (4 m s !

weather prediction models. According to the budget
equation of TKE in the spray-filled surface layer, the
effect of sea spray is considered in the scheme as a modi-
fication to the stratification of the profiles of wind, tem-
perature, and moisture in the MSBL. The scheme assumes
that the Monin—Obukhov similarity relations hold in the
MSBL above the elevation where wave breaking takes
places and the resulting sea-spray droplets are ejected into
the air.

The scheme predicts that the overall impact of sea-
spray droplets on the mean winds depends on the wind
speed at the level of sea-spray generation. As the wind
speed increases, the average droplet size and the total
mass of droplets increases, leading to an increase in the
overall wind speed in the surface layer above the level of
sea-spray generation. Thermodynamically, the size of

interval and the negative indicates the direction toward the cyclone center).

droplets at hurricane-intensity winds is so large that
they do not have enough time to evaporate that much
before falling back into the sea. When the large drop-
lets are still in the air, they have sufficient time to re-
lease sensible heat to the ambient air and increase the
buoyancy of the surface layer and enhance the turbu-
lent mixing. Mechanically, the suspension of sea-spray
droplets reduces the buoyancy and makes the surface
layer more stable. As a consequence, the friction ve-
locity is lowered and the downward turbulent mixing of
momentum is reduced. As the cyclone continues in-
tensifying, the reduced friction velocity, however, leads
to an increased shear between the surface and the flow
above the surface layer, which in turn increases the
shear-induced vertical mixing in the surface layer. Also,
enhanced air-sea enthalpy flux provides necessary energy
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FIG. 8. As in Fig. 7, but for equivalent potential temperature and radial wind components.

to further intensify the cyclone, which in turn induces
more vertical mixing.

The testing of the scheme in the simulation of an in-
tensifying idealized tropical cyclone using the WRF
model shows that the inclusion of the scheme produces
significant differences in the surface sensible heat, mois-
ture, and momentum fluxes at winds greater than 30 m s~ .
Overall, the scheme increases the cyclone intensity in
terms of maximum surface wind and minimum sea level
surface pressure. A physical interpretation for the posi-
tive impact of sea spray on the simulated cyclone inten-
sification is that the mass-loading of sea spray decreases
the surface drag, which reduces the dissipation of the
cyclone rotation, while the sensible and latent heat fluxes
from the sea to the air are enhanced by sea spray to in-
crease the buoyancy for deep convection in the cyclone,
thus intensifying the cyclone.

We wish to caution that the quantitative aspects of the
sea-spray parameterization scheme have considerable

room for improvement, particularly when observational
technology advances enough to provide reliable and
accurate measurements of sea-spray generation and its
interaction with the near-surface turbulence above sur-
face waves. Thus, although the WRF model’s response
to the sea-spray parameterization scheme in the ideal-
ized simulation is physically consistent in terms of the
scheme’s prediction of the influence of sea spray on the
air-sea momentum and enthalpy fluxes, the quantitative
aspects of the sea-spray impact on the development of
tropical cyclones are inevitably inconclusive. It is still
unknown how in reality the physics of sea spray affect the
ABL structure and turbulence characteristics associated
with the inflow boundary layer and the outer rainbands of
hurricanes that have been documented observationally
(Powell 1990a,b; Barnes and Powell 1995; Zhang et al.
2009). A key shortcoming of the sensitivity experiments
presented in this paper is the lack of fully coupled air—sea
interaction physics in the sensitivity simulations. Further
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WREF simulations with the combined sea-spray physics
and the oceanic vertical mixing physics are currently
being investigated, and the results revealing the sea-spray
effect on the air-sea interfacial characteristics such as
those described by observations in the hurricane envi-
ronment (Barnes and Powell 1995; Cione et al. 2000) will
be reported on in a future paper.

Hurricane development is dynamically controlled by
several processes, one of which is air-sea interaction.
The parameterized sea-spray effect is just one important
aspect of the air—sea interaction processes. Wave break-
ing, which is a critical component of surface wave dy-
namics and a root cause for sea-spray generation, is
parameterized in the current scheme to be dependent
on surface wind stress only. The dynamic link between
sea-spray generation and wave state as output from
a coupled atmosphere-wave—ocean modeling system is
not addressed in this study. While it is conceptually
straightforward, how to numerically couple the current
parameterization scheme of sea-spray effect with the
wave model in a fully coupled modeling system, in which
wave breaking, sea-spray generation, and air—sea energy
transfer are interacting dynamically, remains a challeng-
ing research subject.
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APPENDIX A

Derivation of Eq. (4.1)

The steady equation of sea-spray droplet mass con-
servation is in the following form:

as

(A1)
where § is the volume concentration of droplets, Vyis
the fall speed of droplets, and K is the eddy diffusivity
for droplets. Following the discussions in section 2, the
steady equation of the TKE budget can be expressed as

U U Z

72 =)
where L is defined by Eq. (2.4). In the case of thermally
neutral stratification (i.e., (6,w) = 0), L becomes

(A2)

(A3)
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where s is the perturbation of the volume concentra-
tion of droplets. Following Eq. (A.1) (i.e., (sw) =
—K(8S/9z) = VS), one can rewrite the definition of
L as ul

L= (A4)

Kkgo'V,S '

Under the stable stratification condition, since it is com-
mon to use the following approximation:

z z
2)=~1 + 82
Pu (L) AT
where B is a constant, Eq. (A.2) can be written as

u kgoV, Sz
W _uxf, | PreoVySz) (AS)
0z 3

KZ *

Under the assumption Kg = K,,,, where K, is the eddy
diffusivity for U, Eq. (A.1) becomes

w,S BkgaV .Sz
98 M (1+ g3f >=0. (A.6)
0Z  KUyZ Uz,

The solution to Eq. (A.6) for boundary condition S(zg) =
SQ is

_ (1 - (JJ)SO(Z/Z())iw
1 - o)+ wza[(z/zo)lfw - 1]

for w#1
(A.7a)

and

So(z/zo)_1

= 0] 1
1+ aln(zizy) - “ 70

(A.7b)

where = V/kus and a = Bgr?z,0S,/u%. Substitution
of Eq. (A.7) into Eq. (A.5) and integrating it upward
from z, leads to Eq. (4.1).

APPENDIX B

Surface Drag and Enthalpy Exchange Coefficients
with Sea-Spray Effect

Traditionally, the momentum flux at a given height
above the sea surface z is expressed in terms of the
friction velocity u, that is cast according to the Monin—
Obukhov similarity theory as the following:

kU
Uy, = 5
¥ In(z/zy) — ¥, (2/Lyo)

(B.1)
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where U is the mean wind at z and ¥,,,(z/Lmo)is the
Monin-Obukhov stability function for the momen-
tum flux and z, is the reference height for the zero
mean wind. Following the sea-spray effect parame-
terization scheme described in sections 2 and 4, the
effect of droplets on the momentum flux in terms of
the friction velocity u,. can be added in Eq. (B.1) through
the droplet stability function (—W,) specified by Eq. (4.1):

e = kU
* o In(z/zg) — ¥, (z/Lyo) — Y,

(B.2)
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Thus, the surface drag coefficient defined at z with the

effect of sea spray included is

C. = K
b In(z/zy) = ¥, (z/Ly0) — W,

The direct turbulent sensible and latent heat transfer
coefficients defined at z with the effect of sea spray on
Cp included are

K2
1 = Mn(zlzg) = ¥, (yyg) — V. In(2gy) = ¥y (@)l (B:3)
and
Cp = « (B.4)

[In(z/zy) — W, (z/Ly;o)

where V4 (z/Lmo) and VW (z/Lyo) are the Monin-
Obukhov stability functions for the sensible and moisture
fluxes, and zyr and z(q are the reference heights for the
sea surface temperature 7y and moisture g,. The “‘ef-
fective” transfer coefficient associated with the total
enthalpy flux including the sea-spray contribution can
be computed as the following in terms of quantities
defined in section 3:
Hv,dir + Hv,sp + HL,dir + HL,sp

puUle,(T, = T,) + L (4, — 4,)]

C, = (B.5)
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