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A one-dimensional turbulent model is used to investigate the effect of sea spray mediated turbulent fluxes on upper ocean
temperature during the passage of typhoon Yagi over the Kuroshio Extension area in 2006. Both a macroscopical sea spray
momentum flux algorithm and a microphysical heat and moisture flux algorithm are included in this turbulent model. Numerical
results show that the model can well reproduce the upper ocean temperature, which is consistent with the data from the Kuroshio
Extension Observatory. Besides, the sea surface temperature is decreased by about 0.5°C during the typhoon passage, which also
agrees with the sea surface temperature dataset derived from Advanced Microwave Scanning Radiometer for the Earth Observing
and Reynolds. Diagnostic analysis indicates that sea spray acts as an additional source of the air-sea turbulent fluxes and plays a
key role in increasing the turbulent kinetic energy in the upper ocean, which enhances the temperature diffusion there. Therefore,

sea spray is also an important factor in determining the upper mixed layer depth during the typhoon passage.

1. Introduction

When the wind speed reaches a certain level, surface wave
breaking produces large numbers of sea spray droplets in the
air-sea interface. Wave breaking and sea spray significantly
affect the turbulent mixing [1, 2] and turbulent fluxes [3],
respectively, which play a key role in the upper ocean in the
high wind speed condition (>25m/s) [4] (e.g., typhoon). So
the research method of sea spray has been concerned for
several decades. Riehl (1954) [5] was the first to point that
the sea spray evaporation provided a significant amount of
heat. After twenty years, the sea spray problem caught high
attention again [6-11]. Wu (1974) [10] observed sea spray’s
concentration in the wind-wave tank and computed the evap-
oration of sea spray. Bortkovskii (1973) [9] simply evaluated
the energy and evaporation of the sea spray droplet and
claimed that it is a primary source for enhancing the sea-air
interfacial transfer in the high wind speeds. In addition, Ling
and Kao (1976) [11] introduced sea spray evaporation into

the equation of heat transfer and found that sea spray is
also the important humidity source. In recent years, much
research has focused on the effect of sea spray by developing
theories [12-16]. Anthes (1982) [12] proposed that the evapo-
ration of sea spray droplets would enhance the sensible heat
transfer. Zhangand Lou [13] and Lou and Zhang [14] analyzed
the physical processes of the individual sea spray droplet
to get the expressions of spray heat flux and water vapor
flux. Hasse (1992) [15] simply estimated the spray’s impact
by using three distinct arguments: the total surface area of
sea spray droplet, an energy constraint, and the evaporation
implied by the sea-salt aerosol. In recent years, much research
has focused on the sea spray by the developing theories.
Andreas [17-19] adapted Pruppacher and Klett’s [20] cloud
microphysical equations to study the thermal and moisture
evolution of sea spray droplets. Fairall et al. [21] predigested
Andreas’s [17, 19] time scale and first incorporated a rea-
sonable spray-based parameterization scheme into a simple
model of the tropical cyclone boundary layer. So far, on



the basis of the above studies, it is possible to calculate the sea
spray induced heat flux using the actual observed data. At the
same time, the sea spray heat algorithm presented by Fairall
et al. [21] is basically valid for the high wind condition, since
the sea spray generation function depends on wind speed
and the whitecap areal fraction. In this study, the sea spray
mediated heat flux is calculated following Fairall’s sea spray
algorithm in the typhoon passage. However, the feedback
mechanism between the sea spray and the atmosphere is
not considered in Fairall’s sea spray algorithm. Therefore, the
study will introduce the feedback mechanism into the air-
sea heat flux algorithm, which is feasible for us to calculate
reasonable sea-air heat fluxes under the typhoon conditions.

Both theoretical researches [22] and field observations
[23, 24] reveal that the drag coefficient leveled off or even
decreased in the high wind speed. Powell et al. [23] hypothe-
sized that sea spray could significantly influence the transfer
of momentum for the wind speed above about 34 m/s. On
the basis of field observations [23], Makin [25] suggested that
a thin air boundary layer adjacent to the surface goes into a
regime of limited saturation by suspended sea spray droplets,
and the thin layer restrains the momentum transfer from the
wind to the ocean. In the meantime, Makin [25] revised the
wind speed logarithmic profile by the sea spray influence and
derived the sea surface dynamic roughness length including
the effect of sea spray at high winds. Based on the above
research results, it is expected to investigate the momentum
effect of sea spray during the typhoon passage through the
spray induced sea surface dynamic roughness length.

Although the effect of the spray induced heat flux on
air-sea interface under high winds was demonstrated by
numerical simulations over a decade [26-30], the momentum
effect of sea spray is hardly considered. In addition, little
attention has been paid to both heat and momentum conjunct
effects of sea spray on the upper ocean temperature in the
period of typhoon by the numerical simulations. The goal
of the present study is to investigate the impact of sea
spray mediated turbulent fluxes on the upper ocean over
the midlatitude oceans during a typhoon passage, using the
General Ocean Turbulent Model (GOTM) that contains com-
prehensive turbulent mixing parameterizations. The effects of
sea spray are presented from two kinds of physics processes.
On the heat aspect, the impact of sea spray is considered in the
form of modifying air-sea surface heat fluxes by microcosmic
way, based on the sea spray microcosmic physical model from
Fairall et al. [21]. On the momentum aspect, the effect of sea
spray is introduced by the sea surface aerodynamic roughness
length to investigate its impact on the air-sea momentum
flux. As a pilot study, we present a case study of typhoon
cyclone and explore the effects of sea spray in the numerical
simulations.

The remainder of this study is organized as follows:
model description and the spray turbulent flux algorithms
are presented in Section 2. The experimental design of the
numerical simulations is described in Section 3. Section 4
discusses numerical results and analyzes related mechanisms
according to the model results, followed by the conclusions
in Section 5.
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2. Model Description

2.1. The GOTM Model. To clearly address the issue raised
from the last section and avoid the complexity of a gen-
eral circulation model, a one-dimensional ocean numerical
model, namely, General Ocean Turbulence Model (denoted
by GOTM) [31], which has a potential capability to sim-
ulate the vertical mixing processes near the upper ocean,
is employed in this study. General Ocean Turbulent Model
(GOTM) is a one-dimensional water column model (see
http://www.gotm.net/), which solves the transport equations
of heat, salt, and momentum. The governing equations of
GOTM are formulated as
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where 0 and S represent the mean potential temperature and
salinity, respectively. v' and v"' denote the molecular diffusiv-
ities of heat and salt, respectively. C,, is the heat capacity of
seawater. p, is a constant reference density resulting from the
Boussinesq approximation. The source term of temperature
in the right-hand side of (1) is the vertical divergence of solar
radiation (I). K, and Kj, denote temperature and salinity
diffusion coefficient. In the current version of GOTM, we set
K, equal to K;, for simplicity.

We will use the k-& second turbulence closure model to
simulate turbulence parameters [32]. Within the framework,
Kj, is equal to clikl/ *]. The nondimensional quantity C’L is the
function of nondimension stability parameter that describes
the influence of stratification on turbulent mixing. k is the
turbulent kinetic energy and I oc k¢! is the integral
length scale, computed here from the dissipation rate e. The
transport equation for the turbulent kinetic energy k follows
immediately from the contraction of the Reynolds-stress
tensor. The equation of k can be written as

ok
ot

where P and G are the turbulent production of k by shear pro-
duction and buoyancy generation, respectively, and ¢ is the
dissipation term of turbulent kinetic energy. D, represents
vertical diffusion terms. In k-&¢ model, the rate of dissipation
is balanced according to

=D +P+G- (3)
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3% ( 1P+ 63G — cpe) s (4)

where D, represents the sum of the viscous and turbulent
transport terms. The model constants ¢,;, ¢,,, and ¢,5 are 1.44,
1.92, and 1.44, respectively.

2.2. Air-Sea Flux Parameterizations

2.2.1. COARE Model. To provide the external forcing for
the GOTM, the surface fluxes in the air-sea interface are
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calculated from the mean model parameters using Monin-
Obukhov Similarity Theory. The COARE version 2.6 bulk
model turbulent fluxes of momentum 7, latent heat H;, and
sensible heat Hg are

T= paCdUzl’
Hy = p,5uCiU., (05 = 6,,) ()

H; = p, LU, (40— 42,)

where p, is the air density; c,, is the specific heat of air at
constant pressure; L, is the latent heat of vaporization of
water; 0 is the potential temperature and g is the specific
humidity. U is the mean horizontal wind speed and the
subscript z; denotes the lowest model level, while 0 refers to
the water surface. C;, Cy,, and Cy, are the drag coefficient, the
transfer coefficient for the sensible heat, and the latent heat,
respectively:
2

K
Cdn = 1I12 (ZZ/Z()), (6a)

2

K
C, = R 6b
"~ Tn (zr/20) In (220, (o)

2

K

Ci, = . 6

" In (z1/z) In (zl/zoq) (69)

Here « is the von Karman constant, while z,, z,,, and 2,
are the roughness lengths for the velocity, temperature, and
humidity, respectively. From laboratory studies it has proven
convenient to characterize the surface and the flow regime by
the roughness Reynolds number:

U,z
R, = =2 7)
v

where v is the kinematic viscosity of air,
R,v

Zor = —> 8
ot u, (8a)
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where R, and R, as the functions of R,, are roughness
Reynolds number for temperature and moisture.

Based on the COARE model, the next section introduces
the parameterization of sea spray. The key feature of sea
spray parameterization is that the heat and momentum
effects of sea spray are recognized by the microcosmic and
macroscopical aspects, respectively. On the macroscopical
aspect, the sea surface aerodynamic roughness length with
the effect of sea spray is used to investigate the impact of the
sea spray on the drag coeflicient and air-sea momentum flux.
On the microcosmic aspect, the effects of heat fluxes induced
by sea spray are introduced by the Fairall et al. [21] spray heat
algorithm (henceforth FA94). Hence, the model includes the
parameterizations for both the interfacial and the sea spray
fluxes.

2.2.2. Sea Spray Affected Sea Surface Dynamic Roughness. In
the original COARE version 2.6 bulk model, the Charnock
relation is used to calculate the sea surface dynamic rough-
ness length,

Zy=—, €

where o, is Charnock constant and is set to 0.011 [33]. g
represents the acceleration due to gravity. Fairall et al. [33]
pointed that the Charnock relation has been proven to work
well for the low-moderate wind, and it is theoretically based
and accurately for the interfacial turbulent fluxes for wind
up to 10 m/s. When the wind speed reaches 11-13 m/s, the
contribution of sea spray to the heat fluxes becomes signif-
icant. In other words, the Charnock relation does not contain
sea spray droplets effect. Hence, the Charnock relation is still
accurate for the interfacial turbulent fluxes when extrapolated
to higher wind speeds.

For the high wind speed, the transfer coeflicient for
momentum flux decreases with the increasing of the wind,
which is validated by the current field observations in the
marine boundary layer [23, 24]. Based on the field measures
[23], Makin [25] introduces the effect of sea spray into the
wind speed logarithmic profile and further gives the sea
surface dynamic roughness length z, including the effect of
sea spray for high wind speed:
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where w represents the correction parameterization indicat-
ing the effect of sea spray on the logarithm wind speed. The
value of the terminal velocity a., is estimated about 0.64 m/s
corresponding to a sea spray droplet radius of about 80 m
[25]. hy is the height of the suspension layer in the regime
of limiting saturation, which is proportional to and larger
than the height of the breaking waves but smaller than the
significant wave height H by assuming that most of the spray
at high wind speeds is produced by mechanical tearing by
the wind from steep short waves. Hence, the height of the
suspension layer in the regime of limiting saturation A is
about 1/10 of the significant wave height [25, 34]. In (10¢), g
represents the nondimensionalized quantity of the height of
the suspension layer in the regime of limiting saturation:

_lgH
10 w2

(11)

G

It is found that the effects of sea spray are implied in the
parameters w and ¢ according to (10a), (10b), (10c), and (11).
For the low-to-moderate wind conditions (<25 m/s), z,

depends on both the wave states and wind speeds [35-39].
Donelan [40, 41] argued that laboratory experiments could



not represent field conditions for the same wave ages, so
observations of the laboratory experiments and the field
conditions should be discussed separately. To simulate the
real open ocean, z, is derived from the real open ocean
condition and Donelan [40] can represent most results of the
foregoing researcher for the moderate wind speed:

z c -1.03
%9 — 042 (—P> : (12)
u u,

*

where ¢, is peak wave phase velocity.
For the full wind speeds condition, the z, including the
effect of sea spray is calculated by combining the z, for
moderate wind (12) and for high wind ((10a), (10b), and
(10c)), using the 3/2 power law [42] and the relation between
significant wave period and peak wave period:

@ _ 0-0847(1_1/w)0-421/wﬁ5=3/2_253/100w)’ (13)
where f3, is the wave age. When the impact of the sea spray
droplets on the dynamics of the airflow at this regime is still
small, w should be equal to 1, and fully wind conditional
roughness length (13) degrades the low wind conditional
roughness length (12). However, the impact of the sea spray
on the sea surface roughness is large enough (w < 1), which
leads to the decrease of the roughness length and the drag
coeflicient.

2.2.3. Spray Heat Flux Algorithm. The parameterization
scheme for the sea spray heat fluxes used in this study
follows FA94. This parameterization builds on earlier work
on droplet microphysics and the associated timescales by
Andreas [17, 19]. Thus, the spray droplet mediated sensible
heat flux is proportional to the mass flux of all relevant spray
droplets and the air-sea temperature difference:

Qs = SVW (u) Y (”10) pwcpw (Ts - Ta) . (14)

Here p,, and c,,, are the density and specific heat of liquid
water. W(u) is the whitecap areal fraction that is used
to compute the sea spray droplet source number density
spectrum. FA94 used the following form with the strong wind
speed dependence:

W (u) = 3.8 x 10 %> (15)

from Monahan and Muircheartaigh [43]. S, is all the relevant
whitecap normalized droplet volume flux:

[ee]
S,= | T fdr, (16)
o 3
where f,(r) is the source spectrum per unit area of whitecap.
Evaluation of S, is straightforward from three different data
sources [44-46], whose value is equal to 5.0 x 10~ m/s, which
is independent of meteorological conditions.
Using the above approach, the spray droplet mediated
latent heat flux is expressed as

Ql = SahWy (”10) ﬁ (Ta) PaLe [qs (Ta) - ‘1] . (17)
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Here g,(T,) is the saturation mixing ratio and spray droplets
evaporate at their evaporating temperature T,,, which can be
regarded as a wet-bulb temperature modified for the effects
of salinity and curvature, and not at the air temperature. Thus
Q, would be expected to be proportional to g,(T,) — g, rather

than g,(T,) — g as given. The term

0.622L2
Re, 12 &

pata

B = [1e <Ta>]_l L

where R is the gas constant of dry air. The 10 m wind speed
adjusted term

y (uy0) = 1-0.0871n (1—:> (19)

Based on the Andreas [19] sea spray heat fluxes model, S,, is
set to 0.125s™" (given by FA94). The evaporation zone scale
height h is crudely defined as the height above the mean
surface below which 67% of the total droplet evaporation
takes place. h is the evaporation zone scale height. Both
measurements [47-49] and modeling studies [11, 50] confirm
that the proper scaling height for the droplet evaporation
zone is the mean wave height. For simplicity, FA94 considered
mean wave height as the evaporation zone scale height.
FA94 argued that Q; and Q; represent upper limits and
that the actual spray-dependent fluxes will be reduced by a
factor due to the fact that mean profiles of g and T in the
droplet zone do not remain logarithmic but are modified by
the presence of the spray. Based on the numerical simulations
[16, 51], the limited constant is about 0.5 (given by FA94). The
equations for the spray sensible heat and latent heat flux are

Qs = O‘SSVW)’ (”10) chpw (Ts - Ta) >

Ql = O'SSahWy (”10) ﬁ (Ta) paLe [qs (Ta) - q] :

(20a)

(20b)

We note that Q; and Q, are the spray droplet mediated flux-
es that would occur if the sea spray does not alter the nor-
mal logarithmic profile of mean g and T in the droplet evap-
oration zone.

2.2.4. Combined Turbulent Fluxes. The physical effects of
sea spray between the air-sea interfaces are introduced from
both the macroscopical and microcosmic ways. Concretely,
the momentum (heat) effect of spray is introduced by the
macroscopical (microcosmic) way.

Firstly, based on COARE 2.6 bulk model, the total air-
sea momentum T, (including sea spray effect) is calculated
by the sea surface dynamical roughness length with the sea
spray effect at the full wind speeds (13); the interfacial air-
sea momentum T7;,, (excluding sea spray effect) is computed
by the Charnock relation (9). Hence the sea spray induced
momentum flux is

Ts = Tiot ~ Tint- (21)
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Secondly, the combined spray and interfacial fluxes con-
stitute the boundary conditions. Andreas and DeCosmo [52]
give the total sensible (Hg ;) and latent (H| ;) heat fluxes as

HL,T = Hl + OCQI, (22a)

HS,T = Hs + ﬁQs - (06 - Y) Ql'

Here, H; and H, are the interfacial latent and sensible
heat fluxes that are computed by the COARE version 2.6
algorithms and described in Section 2.2.1. In (23a), aQ; term
models the latent heat flux (or moisture flux) coming out
the top of the spray droplet evaporation layer that spray has
contributed. However, FA94 pointed out that because the
atmosphere must supply all the heat to evaporate the droplets,
these droplets are a sink for sensible heat. Hence, to conserve
energy, this «Q; term in (23a) must appear with the opposite
sign in the sensible heat equation (23b). The fQ, term in (23b)
models the sensible heat that spray droplets give up in cooling
from the ocean surface temperature T, to the temperature
they have on returning to the sea surface. Thus, the yQ; term
in (23b) adds more sensible heat to the layer because of the
increased air-sea temperature different that results from the
spray’s evaporative cooling of the layer.

Andreas [53] used the FA94 spray generation function to
compute the spray heat fluxes and evaluate that the values of
«, 3, and y are 3.3, 5.7, and 2.8 based on the HEXOS heat
and moisture flux dataset. Hence coming by the above physics
processes, the net sea spray contribution to the total sensible
and latent heat fluxes can be estimated:

QL,sp = aQ),
QS,sp = ﬁQs - “Ql + le

(22b)

(23a)
(23b)

Hereafter, Q; 4, and Qg, are called sea spray induced
sensible heat flux and latent heat flux, respectively.

3. Experimental Design

Two experiments are designed to investigate the influence of
sea spray in the upper ocean during the passage of typhoon
Yagi. According to the descriptions in Section 2, the air-sea
turbulent fluxes without the effect of sea spray are computed
in Test 1. On the basis of Test 1, Test 2 introduces the effect
of sea spray into the air-sea turbulent fluxes. Based on the
GOTM model and KEO observations, the 1D GOTM is
configured to the position of the KEO station with a 400 m
depth and 1200 vertical layers with intervals of 0.33 m. To
use the typhoon data, the simulation period is extended from
September 17 to 29, 2006. Note that the ocean was initialized
with the same temperature and salinity profiles from the KEO
station in two cases. The numerical output such as air-sea
momentum flux fields, heat fluxes fields, and sea temperature
will be presented for sequent comparative analysis.

The Kuroshio Extension Observatory (KEO) is used in
the GOTM model to simulate the typhoon Yagi, which is
located at 32.4°N, 144.6°E and was first deployed in mid-June
2004. The measurements of KEO include 3 m air temperature,
3 mrelative humidity, 3 m wind speed and direction, solar and
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FIGURE 1: Daily averaged sea surface temperature (SST) (color fill,
in °C) derived from the Reynolds SST dataset on September 23.
Green pentacle represents the location of the Kuroshio Extension
Observatory (KEO) mooring. Color dots indicate the center location
of Yagi on September 21-24 (every 6 h). Thin black curves indicate
the 27°C contour.

long-wave radiation, rain rate, sea temperature profile, and
sea salinity profile. The temporal resolution of all variables
is 10 min, except for the radiations being 2 minutes. The
observed layers of salinity and temperature are 1, 10, 15, 50, 75,
and 400 m and 1, 10, 15, 25, 50, 75, 100, 150, 200, 300, 400, 450,
and 500 m, respectively. The period of KEO variables used in
the simulation is from September 17 to 29, 2006.

4. Numerical Results

Figure 1 shows the track of typhoon Yagi on September 21-24
(color dots) and the distribution of sea surface temperature
on September 23 (shade) in the study area (15-40°N, 130-
150°E). As shown in Figure 1, the typhoon Yagi upgraded to a
supper typhoon on September 22. Subsequently, Yagi moved
towards northeast and passed KEO station on September 23,
where a broad area of low temperature can be seen distinctly
around the right of Yagi [54]. On September 24, Yagi left the
searegion, and the low temperature lasted until September 27
(not shown).

4.1. The Momentum Fluxes. The 10 m drag coefficient C,
according to (6a), (6b), and (6¢) is shown in Figure 2. When
the effect of sea spray is considered, a significant dependence
of C; on the wind speed and the wave age can be seen
from the black dot lines in Figure 2. C; (z, derived from
(13)) increases with the wind speed until the wind speed
reaches 33 m/s for different wave age. In the meantime, C,
decreases with the increasing of the wave age when the wind
speed remains constant. However, when the effect of sea spray
is ignored, C; (z, derived from (9)) increases continually
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FIGURE 2: The change of drag coefficient with the 10 m wind speed
on the different wave ages (8, 10, 15, 20, 30, 40, 50, 80, and 100).
The black dot lines represent the drag coefficient affected by the
sea spray, which are calculated by (13). The drag coeflicient without
the effect of sea spray is indicated by the green line and calculated
by the Charnock relation (9). The observations of Jarosz et al.
(2007) based on different resistance coefficients (0.1, 0.0505, 0.02,
and 0.001 cm/s) are plotted by the red dots. The blue dots represent
the drag coefficient observed by Powell et al. (2003).

with wind speed and remains invariable with the wave age
(green line). Further, the distribution of C, affected by the
sea spray is in agreement with the counterpart obtained
from the observations (Powell et al. [23] (blue markers) and
Jarosz et al. [24] (red markers)). Therefore, the sea spray
has positive impacts on C. It is important to figure out the
physical process how sea spray affects C;, which is described
as follows: at very high wind speeds, a deep part of the marine
atmospheric surface layer is filled with spray droplets, which
forms the so-called suspension layer. In the suspension layer,
the heaviest particles remain closer to the surface, so the
spray droplets over the ocean form a very stable boundary
layer close to the surface. As wind speeds exceed 33 m/s,
the suspension layer in the regime of limiting saturation
is formed, and the sea spray droplets influence the airflow
dynamics, which can restrain the momentum transport from
the wind to the sea surface [25].

Figure 3 depicts time series of surface momentum flux
with and without sea spray at the fixed location of the KEO.
As shown in Figure 3, prior to the passage of Yagi (September
20-22), sea spray has almost no effect on the momentum flux.
When Yagi passed the KEO station, the momentum flux is
significantly enhanced by the sea spray. The maximum total
momentum fluxes (with the effect of sea spray) increase to
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FIGURE 3: Time series of momentum flux at the KEO station where
the simulated typhoon passed by at 18:00 September 23. Blue line
and red line represent interfacial flux (without sea spray effect) and
total flux (with sea spray effect), respectively.

10.29 N/m? and 11.38 N/m? at the peak winds on either side
of the typhoon eye (Figure 3 red line). The increments of
4.79 N/m? and 5.13 N/m?* are comparable with the interfacial
momentum flux (without the effect of sea spray). When Yagi
was far from the station gradually (September 24-29), the
effect of sea spray on the momentum flux quickly decays.

4.2. The Heat Fluxes. Figure 4 shows time series of the total
and interfacial heat flux, given by (22a)-(22b). As shown in
Figure 4, the total heat flux (red line in Figure 4) is generally
greater than the interfacial heat flux (blue line in Figure 4)
during the typhoon Yagi period. The eye of typhoon Yagi
passed the KEO station at 18:00 September 23 (Figure1).
The wind speed was nearly symmetric with the eye, and
the maximum of the wind speed was 32.7 m/s and 34 m/s,
respectively (not shown). Hence, there are double peaks of the
heat flux symmetric with the typhoon eye (Figure 4). When
the typhoon Yagi passed the KEO station on September
23, the maximal interfacial latent heat flux is 533.8 W/m?
(blue line in Figure 4(b)), and the maximal total latent heat
flux is 738.2 W/m? (red line in Figure 4(b)). The latent heat
flux is maximally increased by 204.4 W/m? (spray mediated
latent heat flux Q) at the peak winds on the right side
of the typhoon eyes. In the meantime, the total maximum
sensible flux is 298.2 W/m? (red line in Figure 4(a)), which
is an increment of 106.5 W/m?* compared with the interfacial
maximum sensible heat flux (blue line in Figure 4(a)).

4.3. Sea Temperature. In this section, the daily SST simulated
by the GOTM during the passages of typhoon Yagi is
compared with the AMSR-E and Reynolds satellite data.
Figure 5 shows the variation of daily SST simulated by Test
1 (blue curves) and Test 2 (red curves) during the passage of
Yagi. For comparison, the AMSR-E (black pentacle line) and
Reynolds (black star line) SST are also plotted. Results of two
tests are consistent with the observed SST before the typhoon
Yagi passed the KEO station (on September 18-19). After Yagi
left the KEO station (i.e., September 23-26.), the significant
decreasing trend of the SST can be seen from variation of
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daily averaged SST. On September 25, the SST of AMSR-E and
Reynolds reaches 26.4°C and 26.15°C, respectively. Compared
with SST simulated by Test 1 (26.88°C), the SST of Test 2
decreases to 26.39°C, which is closer to the observations
from the AMSR-E and Reynolds. The difference in the two
experiments indicates that the sufficient cooling of the SST
can be reproduced if the effect of sea spray is considered.

Figure 6 shows time series of the mixed layer depth
(MLD) for the two tests with and without the sea spray effect,
where the MLD is derived from the turbulent kinetic energy
threshold. When the sea spray fluxes algorithms are included
in GOTM, the maximal MLD is 52.49 m for the no spray
case (Test 1) and 68.87 m for the with spray case (Test 2) on
September 24. The MLD difference in two tests illuminates
that sea spray can deepen the MLD during the typhoon
passage in the GOTM simulation.

Figure 7 shows the influence of sea spray in the upper
100 m profiles of temperature at 12:00 September 21-26

Mixed layer depth (m)
5

=50
—60
=70 L L L L L L L L
Sep. 18 Sep. 20 Sep. 22 Sep. 24 Sep. 26 Sep. 28
2006
—— No spray
—— Spray

FIGURE 6: Time series (daily) of the mixed layer depth from
simulations with (Test 2) and without (Test 1) sea spray effect at
the fixed station. The red (blue) line is the mixed layer depth with
(without) sea spray effect.

((a)—(f)). Results show that Test 2 can capture the trend of
temperature reduction in the upper ocean layer after Yagi left
the KEO station. The upper layer temperature profiles of Test
2 (red lines) are more similar to the KEO observations (gray
asterisks) than those of Test 1 (blue lines) during the Typhoon
passage. The simulated temperature profile of Test 2 especially
cooled significantly after the typhoon’s passage (September
24-26). The temperature simulated by Test 2 is cooler by 0.5°C
than that simulated by Test 1. Hence, the effect of sea spray can
yield additional cooling during the typhoon Yagi simulation.

5. Discussion

5.1. The Effect of Sea Spray on Momentum Fluxes. When the
sea spray droplets are ejected into the air, they are accelerated
by the air drag. At one time, the sea spray droplets extract the
momentum from the airflow. When sea spray droplets crash
back into the sea surface, they transfer their momentum to
the ocean. Momentum transfer is carried out from the air
to the ocean by the sea sprays. So the effect of sea spray on
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FIGURE 7: Upper 100 m temperature profiles simulated by Test 1 (no spray, blue curves) and Test 2 (spray, red curves) at ((a)-(f)) 12:00
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momentum exchange should be evaluated in the real typhoon
period. To clearly analyze the distribution characteristic of
the momentum fluxes, the trends of momentum fluxes as
a function of wind speed are shown in Figure 8. For the
wind speed less than 20 m/s, the spray mediated momentum
flux (red dot line in Figure 8(a)) is about two orders of
magnitude less than the interfacial momentum flux (blue
dot line in Figure 8(a)), which is in agreement with the
depiction in Andreas and Emanuel [55]. The growth rate
of spray momentum flux is far less than that of interfacial
momentum flux, whereas, for wind speeds over 20 m/s, the
growth rate of spray momentum flux with wind increasing
is much greater than the rate of interfacial momentum flux.
When wind speed reaches 31 m/s, both the spray momen-
tum flux (red dot line in Figure 8(b)) and the interfacial
momentum flux (blue dot line in Figure 8(b)) are almost
equal. This conclusion can be corroborated by the result of
previous studies about spray momentum flux. For example,
Andreas and Emanuel [55] evaluated the spray momentum
flux using the spray generation functions of Andreas [19]. If
the spray momentum grows using prevailing growth rates,

the interfacial momentum and the spray momentum are
equal at about u, = 2m/s (Figure 8 in Andreas and Emanuel
[55]); this u, corresponds to a surface-level wind speed of
about 32m/s. Hence it indicated that result is considerably
reasonable in this study. It is worth noting that, for the wind
speed greater than 33 m/s, the growth of spray momentum
flux does not continuously increase as the interfacial momen-
tum flux does. The growth rate of the total momentum flux
decreases due to the influence of the sea spray. Because of
wind speeds exceeding 33 m/s, regime of limiting saturation
suspension layer is formed by the spray in air-sea interface
surface layer, which can influence the airflow dynamics.
Hence, with the effect of sea spray, the growth rate of total
momentum flux reduces in the high wind condition.

5.2. The Effect of Sea Spray on Heat Fluxes. Based on the
results, the sea spray plays an important role in the air-sea
transfer of sensible heat and latent heat. To clearly analyze
the characteristic of the sea spray fluxes, the trends of sea
spray mediated sensible heat flux Qg, and latent heat flux
Qy ¢ as a function of wind speed are shown in Figure 9. From
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Figure 9, one can see that the effect of sea spray on the air-
sea heat fluxes is restricted by the sea surface wind speed
condition. When the wind speed is greater than 10 m/s, sea
spray begins to modulate the heat and moisture transfer in
the air-sea interface. For wind speed greater than 20 m/s,
sea spray significantly affects the air-sea sensible and latent
heat flux. In addition, sea spray enhances latent heat transfer
from the sea to the air for all the wind speed condition. For
the sensible heat flux, sea spray sometimes enhances sensible
transfer from the sea to the air and sometimes enhances
sensible transfer from the air to the sea, which indicates
there are complicated physical processes between the spray
droplet evaporation layer and the air-sea interface in the heat
exchange. In other words, the sign (positive or negative sign)
of the sea spray induced sensible heat flux Qg is decided
by the sea spray giving up sensible heat term (SQ,), the
sea spray’s evaporation absorbing sensible heat term (—«Q;),
and adding more sensible heat term (yQ;) due to the sea
spray’s feedback mechanism, according to (23b). For example,
sea spray’s evaporation absorbing sensible heat term —«Q;
is increased to —204.4 W/m?, which reduces the turbulent
enthalpy flux from the ocean to the air. The maximum of
BQ, is 1374 W/m? (blue line in Figure 10(b)), and yQ; is
173.4 W/m? (orange line in Figure 10(a)). Hence, combining
the above physics processes, the maximal spray mediated
sensible heat flux Qg increases to 106.5 W/m? (red line in
Figure 10(b)).

5.3. Diagnostic Analysis of Sea Temperature. Sea spray acts as
an additional source of the air-sea turbulent fluxes and can
improve the magnitudes of the turbulent kinetic energy k
and temperature diffusion coefficient Kj, in the upper ocean,
which affect the upper layer sea temperature during the
typhoon passage. So k equation (3) of the model is diagnosed
to investigate the effect of sea spray. Figures 11 and 12 show
the shear production term P and the dissipation term ¢ of the
total tke in the upper ocean (<100 m), respectively. Terms of
the vertical diffusion term D, and buoyancy generation term
G are not shown because their magnitude are much smaller.
The shear production term P (Figure 11) is balanced by the
dissipation term ¢ (Figure 12). The most significant increment
in Figure 1l is due to the high dissipation because strong
shear happens there induced by strong turbulent fluxes of sea
spray near the sea surface, when the typhoon Yagi passes the
KEO station (on September 23). On September 24-26, the
increasing trend of P spreads downward to 100 m. In a word,
sea spray mediated turbulent fluxes primarily enhance the
shear production term P of the total tke in the upper ocean
during the typhoon Yagi passage. Hence, when the effect of
sea spray is considered, the total tke is enhanced greatly in the
upper ocean (see Figure 13). On the sea surface, the total tke
increases from 0.0044 m*/s® without the sea spray effect (blue
line in Figure 13) to 0.0077 m*/s® with the sea spray effect (red
line in Figure 13). When the typhoon left the KEO station
for 2-3 days (i.e., September 24-26), the increasing trend of
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the total tke spreads downward to 100 m. The enhanced
turbulent kinetic energy derived from the sea spray’s tur-
bulent fluxes mixes the water column and makes it more
homogeneous.

K;, from the surface to about 70 m depth has an increment
owing to the enhancement of the turbulent kinetic energy
by sea spray induced turbulent fluxes on September 23
(Figure 14(a)). K, of Test 2 (red line in Figure 14(b)) is
increased by approximately three times at the sea surface
compared to that of Test 1 (blue line in Figure 14(b)). After
the typhoon Yagi left the KEO station (September 24-26),
the enhancing Kj, spreads downwards (red line in Figures
14(c)-14(e)) cooling the temperature of the upper ocean and

increasing the depth of the ocean mixed layer. Combining
the turbulent kinetic energy € and the temperature diffusion
coeficient Kj,, the effect of sea spray significantly cools the
temperature of the upper ocean. This cooling is maintained
for 2-3 days, which is consistent with the observations in situ.

6. Conclusion

In the high wind speed condition (e.g., typhoon), breaking
waves in the air-sea interface can produce large amount of
sea spray droplets, which significantly affect the dynamic and
the thermodynamic processes between the ocean and the
atmosphere. To investigate the effects of sea spray on the sea
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FIGURE 13: The same as Figure 11, but for the total turbulent kinetic energy k.

surface boundary layer during typhoon passage, the General
Ocean Turbulent Model is used to simulate the characteristics
of the upper layer sea temperature and the turbulent mixing
on real typhoon Yagi in 2006. Different from early studies,
the effect of sea spray on the air-sea turbulent fluxes is
parameterized by the following two comprehensive ways.
On the momentum aspect, the macroscopical effect of sea
spray is introduced into the parameterization of sea surface
roughness for the full wind speed conditions. On the heat
and moisture aspect, the effect of sea spray is simulated by
the FA94 microcosmic sea spray flux algorithm. In addition,
the study introduces the feedback mechanism of sea spray
into the air-sea heat flux algorithm. The effect of sea spray is
completely introduced into the COARE model and GOTM.
Numerical results show that the air-sea turbulent fluxes are
significantly enhanced by introducing the impact of sea
spray in the GOTM during the typhoon Yagi passage. Sea
spray mediated turbulent fluxes nonlinearly increase with the
wind speed increasing. When wind speed exceeds 20 m/s,
sea spray begins to significantly affect the air-sea turbulent
fluxes, whereas, for wind speeds over 30 m/s, the sea spray
mediated momentum flux is comparable with the interfacial
momentum flux. Combining the complex feedback processes
of the sea spray, the maximal net contribution of the sea spray
to the total latent heat and sensible heat flux is 204.40 and
106.46 W/m?, respectively.

In addition, the effect of sea spray on the upper ocean
is analyzed by the diagnostic equation of turbulent kinetic
energy and temperature diffusion coefficient. Diagnostic re-
sults show that the turbulent kinetic energy and the tem-
perature diffusion coefficient have an increment due to con-
sidering the effect of sea spray from the surface to about
50 m depth. With the typhoon leaving the KEO station, this
increasing trend spreads downward to 100 m. The enhanced
turbulent kinetic energy derived from the sea spray’s turbu-
lent fluxes intensively mixes the water column and cools the
temperature of the upper ocean for 2-3 days. Hence, with the
effect of sea spray included, the ocean upper temperature is
decreased by about 0.5°C, which is in agreement with the
observations of KEO, AMSR-E, and Reynolds during the
typhoon passage.

In conclusion, sea spray acts as an additional source of
the air-sea turbulent fluxes and can improve the magnitudes
of the turbulent kinetic energy and temperature diffusion
coefficient in the upper ocean. Therefore, we suspect that sea
spray is an indispensable factor in modulating the mixed layer
temperature during the typhoon passage. However, there are
still some discrepancies between the observation and the
simulation due to the limitation of GOTM, which ignores the
horizontal advection and other associated physical processes.
Further, three-dimensional general ocean model or air-sea
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((a)-(f)), 2006.

coupled model should be used to understand the feedback
process between sea spray and air-sea interface.
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