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Abstract Strong winds lead to large amounts of sea spray in the lowest part of the atmospheric bound-
ary layer. The spray droplets affect the air-sea heat fluxes due to their evaporation and the momentum due
to the change of sea surface, and in turn change the upper ocean thermal structure. In this study, impact of
sea spray on upper ocean temperatures in the Yellow and East China Seas (YES) during typhoon Ramma-
sun’s passage is investigated using the POMgcs ocean model with a sea spray parameterization scheme, in
which the sea spray-induced heat fluxes are based on an improved Fairall’s sea spray heat fluxes algorithm,
and the sea spray-induced momentum fluxes are derived from an improved COARE version 2.6 bulk model.
The distribution of the sea spray mediated turbulent fluxes was primarily located at Rammasun eye-wall
region, in accord with the maximal wind speeds regions. When Rammasun enters the Yellow sea, the sea
spray mediated latent (sensible) heat flux maximum is enhanced by 26% (13.5%) compared to that of the
interfacial latent (sensible) heat flux. The maximum of the total air-sea momentum fluxes is enhanced by
43% compared to the counterpart of the interfacial momentum flux. Furthermore, the sea spray plays a key
role in enhancing the intensity of the typhoon-induced “cold suction” and “heat pump” processes. When
the effect of sea spray is considered, the maximum of the sea surface cooling in the right side of Ramma-
sun’s track is increased by 0.5°C, which is closer to the available satellite observations.

1. Introduction

Under low wind speed conditions, the turbulent fluxes are always at the air-sea interface through the ocean-
atmosphere interaction processes, which are called the interfacial turbulent fluxes. Under strong winds of severe
weather systems (typhoon, hurricane, etc.), the large amounts of sea spray droplets are generated by wave
breaking [Zhang et al., 2011, 2012] in whitecaps and whipping spume from the tips of wave. The sea spray drop-
lets can dramatically affect air-sea turbulent fluxes by modifying mean state of the air-sea interface. The interfa-
cial turbulent fluxes are usually determined through using the Coupled Ocean-Atmosphere Response
Experiment (COARE) version 2.6 bulk flux algorithm [Andreas et al., 2008]. However, the traditional COARE algo-
rithm does not include the parameterizations of heat and momentum fluxes induced by the sea spray.

The sea spray parameterization schemes have been developed to affect heat fluxes for several decades.
Riehl [1954] first suggested that the sea spray evaporation can provide significant amount of heat in the air-
sea interface. Based on the sea spray observation in a wind-wave tank, Wu [1974] showed that the magni-
tude of the sea spray evaporation contains 13% of the total evaporation by estimating the evaporation of
sea spray for 13.4 m/s wind speed. Zhang and Lou [1995] and Lou and Zhang [1995] proposed empirical
expressions of spray heat fluxes and water vapor fluxes through analyzing the physical processes of individ-
ual sea spray droplet. Hasse [1992] simply estimated the spray’s impact using three distinct arguments: the
total surface area of sea spray droplet, the energy constraint, and the evaporation implied by the sea-salt
aerosol. The above methods are so complicated as to prevent them from being applied for practical use in
estimating the sea spray mediated heat fluxes. Subsequently, based on the cloud microphysical equations,
Andreas [1989, 1990, 1992, 1994], Andreas et al. [1998], and Andreas and Mahrt [2016], developed the bulk
microphysical model to estimate the contribution of sea spray to the sensible and latent heat fluxes, and
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pointed out that the heat fluxes induced by the sea spray became significant fractions of air-sea interfacial
fluxes for the wind speed condition above 11-13 m/s. However, the valid wind speed of Andreas’s sea spray
heat fluxes parameterization only reaches 32 m/s. Based on the Andreas’s parameterization, Fairall et al. [1994]
obtained a new sea spray generation function (hereafter referred as FA94 scheme) including the wind speed
and whitecap to improve the sea spray heat fluxes parameterization, with reasonable calculation of heat fluxes
induced by sea spray in high wind speed condition (typhoon, hurricane, etc.). However, Fairall's sea spray algo-
rithm ignores the feedback mechanisms between the sea spray and air-sea interface completely. In addition,
the sea spray evaporation zone scale height and the whitecap areal fraction are user input parameters.

Similarly to the thermal effect of sea spray, sea spray droplets also affect the mean dynamic state of the sur-
rounding air-sea interface, which further modifies the air-sea momentum exchange. It has been proved that
the drag coefficient levels off and even decreases at high wind speeds [Emanuel, 1995; Powell et al., 2003;
Jarosz et al., 2007; Soloviev et al., 2014]. Powell et al. [2003] proposed that the sea spray could significantly
influence the momentum transfer for the wind speed above 34 m/s. Makin [2005] modified the logarithmic
wind profile by introducing the influence of sea spray droplets, and proposed the sea spray mediated sea
surface dynamic roughness length in high wind speed condition. This relation can predict the reduction of
the drag coefficient for the wind speed exceeding the hurricane force, which agrees well with Powell et al’s
[2003] measurements under high winds. It should be mentioned that this relation regards the Charnock
parameter as a constant, which is not suitable for low-moderate wind speed condition. Hence, the sea sur-
face dynamic roughness length proposed by Makin [2005] should be expanded to consider the effect of sea
spray from the low-moderate to high wind speed condition in the study, by which the effect of sea spray
on momentum flux transfer at the air-sea interface is taken into account.

Associated with the parameterizations of sea spray, the numerical simulations of the effect of sea spray during
typhoon and hurricane passages were reported. The atmosphere model, ocean model, and coupled air-sea
model were employed to unveil the physical processes of the effect of sea spray on the typhoon and hurri-
cane [Uang, 1999; Meirink and Makin, 2001; Wang et al., 2001; Bao et al., 2000; Perrie et al., 2005; Jeffrey and
William, 2008]. Despite the effects of heat fluxes induced by sea spray were demonstrated by numerical simu-
lations, very few studies attempted to consider the momentum effect of sea spray. In addition, the atmo-
spheric model simulation showed the effects of sea spray on the hurricane intensity and track. But few of the
previous studies tried to analyze the effect of sea spray on the response of the upper ocean during typhoons
passage. To investigate the effect of sea spray on air-sea turbulent fluxes and upper ocean response, Zhang
et al. [2015a,2015b] first to include the momentum and heat effect of sea spray into the General Ocean Turbu-
lent Model to investigate the effect of sea spray on the upper ocean during typhoon passage. They indicated
that sea spray acted as an additional source of air-sea turbulent fluxes and improved the response of upper
ocean. However, the principal limitations of their studies were the use of the 1-D ocean model, which meant
that horizontal advection and other associated physical processes were neglected.

To overcome the limitation of 1-D model, the three-dimensional POMgcs with thermal and dynamic effects
of sea spray is used to investigate the overall impact of turbulent fluxes induced by sea spray on the midlat-
itude upper oceans during the typhoon passage. The effects of sea spray are divided into two physical pro-
cesses. On the heat aspect, the FA94 sea spray parameterization is modified by adding the sea spray
feedback mechanisms and the parameters that are more accord with the physical processes. On the
momentum aspect, a new sea surface dynamic roughness length is proposed for full wind speed conditions
for the open ocean where the dynamic effects of sea spray are introduced. As a pilot study, we choose the
typhoon Rammasun to explore the effects of sea spray using the numerical simulations.

The remainder of this paper is organized as follows: the POMgcs model configuration, air-sea fluxes parame-
terization, and parameterization of the effect of sea spray are presented in section 2. Experiment design is
described in section 3. The numerical results and discussions are presented in sections 4 and 5, respectively.
The conclusion is given in section 6.

2. Model Description

2.1. The POMgcs Model

The POMgcs is a primitive equation, time-dependent, free surface, and coast ocean circulation model with
Mellor-Yamada turbulence closure developed by Blumberg and Mellor [1987] and Ezer and Mellor [2004]. The
ocean model is run for the domain covering the Yellow and East China Seas (YES) from 24°N to 41°N and
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from 116°E to 130°E (Figure 1), with a
horizontal resolution of 1/6° and 35
layers in the vertical. The hybrid coor-
dinate system is used, following the
topography with sigma-level grid near
a sloping bottom and z-level grid
above the sigma level. The internal-
mode and external-mode time steps
are 600 and 10 s, respectively. The
model initial and lateral boundary con-
ditions of velocity, temperature, and
salinity are derived from the China
Ocean Reanalysis (CORA), which pro-
vides the reanalysis products of China
coastal and adjacent seas from 1986 to
2013 [Han et al, 2011]. The surface
boundary condition including mechan-
ical and thermal forcing [Chu et al,
2000; Chu and Cheng, 2007]
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Figure 1. Model domain and isobaths. Ky (0T - - Qn
5 () cwt014(22)

)

where the right-hand side of (1) is the air-sea turbulent momentum flux (i.e., wind stress). U and V are
the velocity components. T is the potential temperature. Qy is surface net heat fluxes (downward posi-
tive). Ky and Ky, are the vertical mixing coefficients for momentum and tracers, respectively. ¢, is the spe-
cific heat of air at constant pressure. p, is the air density. The air-sea turbulent fluxes are calculated by
sea-air parameters, which include the wind speed, the air temperature, the ocean temperature, the air
humidity, the sea level pressure, etc. The wind data are interpolated from a new Cross-Calibrated, Multi-
Platform (CCMP) ocean surface wind product, which is produced by combining all ocean surface wind
observations from the SSM/I, AMSRE, and TMI, and all ocean surface wind vector observations from the
QuikSCAT and SeaWinds. The spatial resolution is 0.25°. The air temperature, the ocean temperature, the
air humidity, and the air pressure are obtained from the National Centers for Environmental Prediction
(NCEP), whose temporal resolution and spatial resolution are 6 h and 1.899° X 1.875° respectively. Also,
the calculation of total air-sea momentum and heat fluxes is based on the COARE version 2.6 bulk flux
algorithm, which is described below.

2.2. Air-Sea Fluxes Parameterizations

To provide the external forcing for POMgcs, the COARE version 2.6 bulk model is used to calculate air-sea
interfacial turbulent momentum and heat fluxes, with the feedback processes between the sea surface tem-
perature and air-sea turbulent fluxes. The air-sea momentum (M), sensible heat (Hs), and latent heat (H,)
fluxes are calculated by

M=p,CaU;, (3a)
HS:panaChUz,(eo_Hz,)7 (3b)
HszaLVCkUZ/ (qO_qZ/)7 (3C)

where U is the mean horizontal wind speed; 0 is the potential temperature; g is the specific humidity; L, is
the latent heat of vaporization of water; the subscript “0” denotes the water surface, while z refers to the
lowest level of the COARE bulk model. The drag coefficient (C,), heat transfer coefficient (Cp), and
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moisture transfer coefficient (C,) are determined by the Monin-Obukhov similarity (MOS) for the constant
flux layer

2 2
Cd=Cdn/[1— - lﬂu(f)] (4a)
1/2 1/2
Ch=cri’ <’/ ( {1 - Cg—jcwh(é)} [1 - Q‘T”wu(é)} ) (4b)
1/2 1/2
Ck=c;ézc;£2/<{1—j’;wh<é>} [1— “an mct)D, (40

where « is the von Karman constant (0.4). a accounts for the difference in scalar and velocity von Karman
constants, and  is the MOS profile function. c4,, ¢pn and ¢, are the transfer coefficients in the neutral
conditions

2

Can= e, (5a)
In2(z/zo)
K2
. L 5b
"= 10 (21/20)In (21 20) (5b)
2
Can= “ (50)

In (z1/20)In (21/20q)

where z, 7y, and zy, are the roughness lengths for velocity, temperature, and humidity. The roughness
Reynolds number (R)) is defined to characterize the surface and flow regimes

R, _ u.zp ’ (6)
v

where v is the atmospheric kinematic viscosity. Similarly, the roughness lengths for temperature and humid-
ity are defined by

R:v

Zo0=—, (7a)
U
Ryv

Zog=—> (7b)
U

with Ry and Ry are corresponding roughness Reynolds numbers, which are the functions of R..

The Charnock [1955] relation is used to calculate the sea surface dynamic roughness length

20=——, ®)

where g is the gravitational acceleration. a. is the Charnock constant, and is set to 0.011 [Fairall et al., 1996].
The Charnock relation works well to link the roughness length to the turbulent fluxes for the low-moderate
winds with the surface wind speed up to 10 m/s [e.g., Fairall et al, 1996]. When the wind speeds reach 10-
15 m/s, the sea spray starts to affect the turbulent fluxes significantly [Andreas, 2010]. Thus, the effect of sea
spray droplets is not included in the original version 2.6 COARE model, which can be used to calculate the
interfacial turbulent fluxes (the turbulent fluxes that exclude (include) the effects of sea spray are called the
interfacial (total) turbulent fluxes). Since the interfacial turbulent fluxes are nearly linear with the wind speed,
the original COARE version 2.6 remains accurate for the calculation of the turbulent fluxes in the condition of
the higher wind speeds after adding the sea spray effect.
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2.3. Parameterization of the Effect of Sea Spray

2.3.1. Parameterization of Thermal Effect of Sea Spray

The FA94 is used to represent the sea spray mediated heat fluxes in this study, and it is developed based on
the earlier work on sea spray droplet microphysics and the associated timescales of sea spray droplet
[Andreas, 1989, 1992]. The sea spray mediated sensible heat flux contribution Qs is proportional to the mass
flux p,, WS,

Q=S Wy(u)pyCpow(Ts—Ta), 9

where S, and W are all the relevant whitecap normalized droplet volume fluxes and the whitecap areal frac-
tion, respectively. T,—T, is the air-ocean temperature difference. p,, and ¢,,, are the density and specific
heat of liquid water, respectively. The sea spray mediated latent heat flux contribution Q; is proportional to
the total surface area of sea spray droplets per unit area of sea surface

Ql:SadeV(u)ﬁ(Ta)paLe[qS(Tﬂ)_q]7 (10)

where h, is the evaporation zone scale height. Based on the Hasse [1992] sea spray heat fluxes model, S, is
set to 0.125 s~ ' (given by FA94). g4(T,) and g are the saturation mixing ratio and the ambient specific
humidity, respectively. L. is the latent heat of condensation. The sea spray droplets are maintained at the
welt bulb temperature rather than the air temperature, thus the exchange term f(7;) is used

-1

0.622/2
cqs(Ta)| - (1)

Rcpa T2

B(Ta)=|1+

Besides, y(u) represents the correction factor that exchanges the T, and g from the mean wave height (h)
to10m

10
7(u)=1-0.087In —. (12)
The numerical simulations show that the limited constant is about 0.5 [Rouault and Larsen, 1990; Rouault
et al, 1991]. Incorporating equations (11) and (12) into equations (9) and (10) with a simple algebra, the final
expressions for the sea spray mediated fluxes are then

Qs=0.55,Wy(u10)puCow(Ts—Ta), (13a)
Q=0.55:hgWy(u10)B(Ta) paLelqs(Ta) =4l (13b)

where both the sea spray evaporation zone scale height h; and the whitecap areal fraction W(u) are contro-
versial, thus this study focuses on the analysis of hy and W(u).

First, hy is crudely defined as the height above the mean sea surface below which 67% of the total droplet
evaporation takes place. For simplicity, FA94 takes the mean wave height h to be the equilibrium wave
height, which is a known function of the wind speed

h=0.015 u?,, 4

However, Makin [2005] suggested that the height of suspension layer of sea spray is higher (lower) than
that of the breaking (significant) wave height, and set it to 1/10 of the significant wave height. Thus, 1/10
of the significant wave height is taken for the evaporation zone scale height of sea spray in the study. Sig-
nificant wave height data are derived from European Center for Medium-Range Weather Forecasts
(ECMWEF).

Second, FA94 used the strong dependence of the wind speed on the whitecap areal fraction [Monahan and
Muircheartaigh, 1980], obtained from the combined bubble droplet source function of Miller [1988] and the
spume droplet function of Wu et al. [1984]

W=3.8x10"%u3>4. (15)

However, the whitecap areal fraction does not only depend on the wind speed, but also on the state of
wave and surrounding environment. Zhao and Toba [2001] found that the whitecap coverage from various
data sources could be best fitted with the breaking-wave parameter
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2
Ry= x (16)
Vo,

where ), is the angular frequency at the wave spectral peak. The whitecap coverage increases with Rg as
follows [Guan et al., 2007]

W=3.88x10""Rg"%, (17)

which shows that the whitecap coverage does not only depend on the state of waves but also on the fric-
tion velocity. Therefore, equation (17) describes the comprehensive air-sea interfacial physical environment
where the sea spray produces, and is used to calculate the whitecap areal fraction in the study.

2.3.2. Parameterization of the Dynamic Effect of Sea Spray

On the basis of open ocean observations, Zhang et al. [2015a,2015b] proposed a sea surface dynamic
roughness z, with the effect of sea spray for the full wind speeds. It combines the Donalen relation and the
resistance law of Makin [2005] by using the 3/2 power law [Toba, 1972] and the relation between the signifi-
cant wave period and the peak wave period

Zog/Uf:0.0847<1_1/“))1331_1/“))/2n1/“)l3;n/w, (18)

which is called the Sea Spray Parameterization Scheme with containing the effect of sea spray and avoid-
ing inconsistencies among different sea spray source functions under the microphysical framework
(Details are given by Zhang et al. [2015b]). Here S, represents the wave age, which is computed by the
significant wave height; n and m are the Charnock relative parameters and set to be 0.42 and —1.03,
respectively [Donelan, 1990]; w is the correction parameter indicating the impact of sea spray on the loga-
rithmic wind profile

o=min (1,d./Kku,), (19)

where a., represents a critical value of the terminal velocity of falling sea spray droplets, and is set to be
0.64 m/s based on the observations of Powell [Makin, 2005].

For low winds, the sea spray does not evidently affect the sea surface roughness. For high winds, the spray
droplets over the ocean form a very stable and limiting saturation boundary layer, which restrains momen-
tum transfer from the surface wind to the ocean (Figure 2). Therefore, spray droplets can influence the air-
flow dynamics at wind speeds exceeding 33 m/s [Powell et al, 2003; Jarosz et al, 2007)]. The drag
coefficient calculated by equa-
tion (18) is in agreement with
the “observed” drag coefficient
[Zhang et al, 2015b, Figure 2].
Hence, the sea surface aerody-
namic roughness length Zz
(equation (18)) is used to calcu-
late the drag coefficient and
the total air-sea momentum
flux. At the same time, the
dynamic effects of sea spray
are introduced by the new z,
(equation (18)) to investigate
the impact sea spray on the air-
. sea momentum exchange dur-
ing the typhoon passage.

1.8 .

v » 4

0.8 ) 2.4. Combine Fluxes
10! 102 The sea spray-induced and air-
U sea interfacial turbulent fluxes
10 are combined as the air-sea total

Figure 2. zog/u? versus sea surface wind for the different wave age condition (8, 10, 15, 20, turbulent fluxes, which consti-
30, 40, and 50). tute the boundary conditions at
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the lowest level of the COARE bulk model. But the total air-sea turbulent fluxes in the model cannot be simply
added by both the sea spray induced fluxes and interfacial fluxes.

On the heat fluxes aspect, there are the complicated physical processes between the air-sea interface and
the sea spray: (1) the existence of sea spray ultimately changes the average temperature and humidity pro-
file in the sea spray evaporate layer; (2) it is impossible for all the sea spray droplets to come out on the top
of the sea spray evaporation layer for sensible and latent heat exchange. Therefore, the total air-sea fluxes
of sensible (Hs7) and latent (H_1) heat fluxes are given by the complicated physical processes [Andreas and
DeCosmo, 1999]

Hyr=H,+0Qy, (20a)
Hsr=Hs+pQs—(a—7)Qy, (20b)

where o, f§, and y are parameters, and obtained from the statistical fitting. In equation (20a), «Q; is the sea
spray-induced latent heat flux on the top of the spray evaporation layer. In equation (20b), however, —aQ,
is the atmospheric heat supply to evaporate the sea spray; fQ; is the directly induced sensible heat flux by
sea spray droplets in the cooling processes from the ocean surface temperature to the temperature for their
returning to the sea surface; yQ; is the added sensible heat flux to the spray evaporation layer due to the
increase of the air-ocean temperature difference caused by the evaporation of sea spray. Based on data
from the main experiment in the Humidity Exchange Over the Sea (HEXOS), the values of o, 5, and y are
given by 3.3, 5.7, and 2.8, respectively [Andreas, 2003]. The sea spray induced by the net sensible (Qs,) and
latent heat fluxes (Qy,s,) are estimated by

Qssp=5.7Q;—3.3Q,+2.8Q, (21a)
QL,sp:3~3QI- (21b)

On the momentum fluxes aspect, the total air-sea momentum flux M, (including the dynamic effect of sea
spray) is computed by the improved COARE version 2.6 bulk model, which introduces the parameterization
of dynamic effect of sea spray equation (18) (sea surface dynamic roughness length including the effect of
sea spray for the full wind speed conditions). In contrast, the interfacial air-sea momentum flux Mi,; (exclud-
ing the dynamic impact of sea spray) is calculated by the traditional Charnock relation equation (8) (the
Charnock parameter is equal to 0.011). The sea spray induced air-sea momentum flux M is

Ms=Miot —Mipn - (22)

3. Experiment Design

The POMgcs model is spun up for 5 years and then integrated for 5 years from January 1999 to December
2011. Typhoon Rammasun crosses the YES from 3 to 6 July 2002 (Figure 3). Four experiments are designed
to investigate the influence of sea spray on the YES upper layer thermal structure during the passage of
typhoon Rammasun, based on the POMgcs model, COARE air-sea turbulent model, and the parameteriza-
tion of the sea spray: (1) the control run, (2) the dynamic effect of sea spray is included, (3) the thermal
effect of sea spray is included, (4) both the thermal effect and the dynamic effect of sea spray are included.
Detailed experimental setups are described in Table 1.

4, Results

4.1. Impact on the Air-Sea Turbulent Fluxes

Figures 4 and 5 show the latent and the sensible heat fluxes during the passage of Typhoon Rammasun in
the YES, respectively. Figures 4a-4d and 5a-5d are the sea spray induced net sensible and latent heat
fluxes. Figures 4e-4h and 5e-5h are the corresponding interfacial sensible and latent heat fluxes. The air-
sea latent heat transfer is enhanced by the sea spray evaporation from the ocean to the atmosphere (Fig-
ures 4a-4d), while the sensible heat transfer is increased from the atmosphere to the ocean (Figures 5a-5d)
owing to the complicated physical processes between the air-sea interface and the sea spray. Different
from the interfacial latent and sensible heat fluxes, the sea spray induced net latent and sensible heat fluxes
primarily locate around the eye-wall region of Typhoon Rammasun. Also, the maximum sea spray mediated
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Figure 3. Sea surface wind speeds (m/s) at (a—h) 1200 UTC 3-0006 UTC 5 July 2002. Moving tracks of Rammasun are depicted with Pentacle.

net heat fluxes mostly lie on the right of the typhoon moving tracks (right bias), consistent with the distribu-
tion of the wind speed during Rammasun’s passage (Figure 3). In addition, when Rammasun reaches the
East China Sea at 1800 UTC, 3 July, the maximum sea spray-mediated net latent (sensible) heat flux is
enhanced with up to 65 (—27) W/m?, which is a 26% (13.5%) increase compared to the interfacial latent
(sensible) heat flux (Figures 4b, 4f, 5b, and 5f). When Rammasun keeps up moving northward on 4 July, the
typhoon-induced sea spray droplets still affect the air-sea heat fluxes with sea surface mean wind speed
over 26 m/s. In a word, the sea spray enhances both the air-sea latent and sensible heat fluxes, especially
for the latent heat fluxes. Although the sea spray mediated net sensible heat flux is negative, the ocean
finally loses more heat by the effect of sea spray because the sea spray meditated net latent heat flux is
larger than net sensible heat flux.

When the sea spray droplets eject into the air-sea interface, they accelerate almost immediately to the local
wind speed. This process extracts momentum from the near-surface wind and therefore slows it [Andreas
and Emanuel, 2001]. When sea spray droplets crash back into the sea surface, they transfer their momentum
to the ocean [Edson, 1990]. In this process, the sea spray droplets finish the momentum transfer from the
atmosphere to the ocean. To analyze how the sea spray droplets affect the structure of the air-sea momen-
tum fluxes during Rammasun’s passage over the YES, the sea spray induced momentum flux (Figures 6a-
6d) and interfacial momentum flux (Figures 6e and 6h) are calculated. One can see from Figure 6 that the
asymmetric interfacial momentum flux is well produced (Figures 6e-6f), and the air-sea momentum flux
near the eye-wall region is significantly enhanced by considering the effect of sea spray (Figures 6a-6d).

Table 1. Experiment Setups

Experiment Surface Momentum Fluxes Surface Heat Fluxes

Exp_1 Interfacial momentum flux (M;,, no spray) Interfacial heat fluxes (H, + Hs, no spray)

Exp_2 Total momentum flux (M, with spray) Interfacial heat fluxes (H + Hs, no spray)

Exp_3 Interfacial momentum flux (M;,, no spray) Total heat fluxes (Ht + Hs 1, with spray)

Exp_4 Total momentum flux (M, with spray) Total heat fluxes (Hyt + Hs, with spray)
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Figure 4. Sea spray induced net latent heat flux (W/m?) at (a-d) 1200 UTC 3-0006 UTC 4 July 2002. Interfacial latent heat flux (W/m?) at (e~h) 1200 UTC 3-0006 UTC 4 July 2002. Moving

tracks of Rammasun are depicted with Pentacle.
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Figure 6. Same as Figure 4, but for momentum flux (N/m?).

Also, the sea spray has the greatest contribution near the right of Rammasun moving tracks, consistent with
the distribution of the biggest wind speed and significant wave height during Rammasun’s passage (not
shown). When Rammasun arrives in the East China Sea at 1800 UTC 3 July 2002, the maximum total air-sea
momentum flux is enhanced by up to 1.9 N/m?, which is an increment of about 43% compared with the
interfacial momentum flux (Figures 6b and 6f).

4.2. Impact on the Sea Surface Temperature

The response of sea surface temperature (SST) to Rammasun is revealed by Satellite observations derived
from AMSRE (Figure 7) and AVHRR (Figure 8). Rammasun formed in the northwest Pacific on 29 June 2002,
while it was upgraded to a super typhoon and entered the study area. Before Rammasun arrived in the
region, the area south of 30°N is generally occupied by the warm water of 27°C, and the SST between 30°N
and 36°N basically exceeded 20°C (Figures 7a and 8a). When Rammasun arrived in the East China Sea on 4
July, there was a broad area of low SST around the right-hand side of Rammasun, especially for the
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Figure 7. The AMSRE SST images on (a-d) 3-6 July 2002. Moving tracks of Rammasun are depicted with Pentacle.
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Figure 8. Same as Figure 7, but for SST from AVHRR.

observations from AMSRE. The maximum cooling of SST was on the right side of Rammasun from 24.25°C
on 3 July to 21.5°C on 4 July (Figure 7b). Subsequently, Rammasun moved northeast to reach the Yellow
Sea on 5 July, and the broad area of low SST was found around the Rammasun (Figures 7c and 8c). The SST
on the right of Rammasun was greatly decreased from 22.5°C on 4 July to 18.25°C on 5 July from the AMSRE
satellite (Figure 7c). In addition, the SST around the Rammasun declined from 22.5 to 20°C, shown from the
AVHRR satellite observation (Figure 8c). Rammasun landed on 6 July, while the right-side area of Rammasun
still remained the low temperature water.

Model-simulated daily SST derived from Test 1 (without the effect of sea spray, Figure 9) and Test 4
(with the effect of sea spray, Figure 10) are compared with the satellite observations. On 4 July, the
areas of low temperature on the right of Rammasun are also shown in the two tests. During the prety-
phoon period, the simulated SST dropped to 23.25°C on 4 July in Test 1 (Figure 11c), and to 21.75°C
(Figure 11d) in Test 4 (considering the effect of sea spray), which is closer to the observations from the
AMSRE (Figure 11a). When Rammasun reaches the Yellow Sea on 5 July, the area around the Rammasun
revealed low temperature region (Figures 9c and 10c). When the effect of sea spray is considered, the
low temperature area of 20°C around Rammasun is bigger than Test 1, closer to the satellite observa-
tions of AVHRR (Figure 12).

Hence, the comparison of the surface cooling derived from the simulated results with satellite observations
indicates that the sea spray droplets have a significant impact on improving the response of SST to Ramma-
sun’s passage. It is worth noting that the locations of the most strong SST cooling simulated by POMgcs
does not completely agree with the satellite observation owing to somewhat difference between the CCMP
wind field and the actual typhoon field (such as the position of typhoon eye, the maximum wind speed of
typhoon, etc.).
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Figure 9. Same as Figure 7, but for SST from Test 1.
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4.3. Impact on the Upper Ocean Thermal Structure

With the location of Rammasun eye as a reference at 0600 UTC 4 July, the sea temperature section from the
sea surface to 100 m depth along 28.1°N is investigated (Figure 13). Test 1 is used to analyze the change of
the upper ocean temperature during Rammasun’s passage. Before the edge of Rammasun passed the sec-
tion of 28.1°N, the ocean temperature is uniformly distributed in the shallow of 50 m depth. When Ramma-
sun swept this ocean section, the isotherms bend downward with the thermocline deepening (Figure 13).
Associated with the thermocline down welling, the cooling near the sea surface is accompanied by the
warming in the subsurface [Price, 1981; D’Asaro et al., 2007, 2014]. The sea surface and near-surface cooling
is primarily caused by the vertical mixing associated with strong typhoon winds. The ocean heat is trans-
ported from the sea surface to the ocean subsurface by the typhoon-induced vertical mixing, which results
in the sea surface or near-surface cooling and ocean subsurface warming. This phenomenon is named as
the “heat pump” of typhoon passage [Emanuel, 1986; Chen et al., 2013].

To further analyze the effect of sea spray on the response of upper ocean to the typhoon, the latitude-
depth section of the upper ocean temperature along 28.1°N is shown in Figure 14, which is the difference
between the posttyphoon upper ocean temperature and the pretyphoon one from Tests 1 to 4 (Figure 14).
With Rammasun passing the section of 28.1°N, the cooling occurs in the upper ocean 14 m (the maximum
is 3.35°C/d), while the warming takes place in the depth of 14-60 m (Figure 14a). Therefore, the process of
the "heat pump” dominates as Rammasun passing the vertical section of 28.1°N. Considering the influence
of sea spray induced momentum flux, the surface cooling, and the subsurface warming are evidently
enhanced. The depth of the subsurface warming deepens to 74 m, and the maximum warming reaches
3.75°C at the depth of 46 m associated with the maximal curve of isotherm (Figure 14b). Unlike the effect of
sea spray induced momentum flux, the sea spray induced net heat fluxes (sea spray induced net latent heat
fluxes adds sea spray induced net sensible heat fluxes) slightly affects the process of “heat pump” (Figure
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Figure 11. Daily averaged SST from (a) AMSRE; (b) AVHRR; (c) Test 1; (d) Test 4. Pentacle indicate the center location of Rammasun on 4 July (every 6 h).
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Figure 12. Daily averaged SST from (a) AMSRE; (b) AVHRR; (c) Test 1; (d) Test 4. Pentacle indicates the center location of Rammasun on 5 July (every 6 h).

14c). When the effect of sea spray induced heat and momentum fluxes is considered, the near-surface cool-
ing and the subsurface warming are more enhanced. The depth of warming increases to 77 m. The maxi-
mum warming at 46 m reaches 5.68°C (Figure 14d). Thus, the ocean surface cooling and the mixed layer
deepening reflect the dynamic and thermal responses of the upper layer to the typhoon forcing, and the
influence of sea spray enhances the response of upper layer during Rammasun’s passage.

In addition, the vertical section of 26.9°N is also selected to analyze the effect of sea spray on the upper
ocean temperature response. The evolution of the upper ocean temperature between the pretyphoon and
posttyphoon is shown in Figure 15. Comparing to the pretyphoon temperature section, all the isotherms
rise under the Rammasun center along 26.9°N from the sea surface to the 100 m depth. The mixed layer
temperature becomes colder, while the thermocline is evidently uplifted on 4 July in the posttyphoon
period. The rise of the thermocline during the typhoon passage is produced by the cyclonic wind stress,
which induces the strong cooling in the upper ocean without causing subsurface warming [Park et al.,
2011]. This phenomenon is called “cold suction” [Chen et al., 2013]. The passage of the “cold suction” is also
found from the Modular Ocean Assimilation System (MODAS) [Fox et al., 2002], which is improved to gener-
ate three-dimensional (3-D) ocean temperature and salinity fields based on sea surface observations [Wang
et al., 2012] during the typhoon passage (Figure 16). Figure 16 shows that the isotherms from 0 to 100 m
depth are lifted along 26.9°N, especially for the right side of the typhoon center.

Figure 17 shows the upper ocean temperature difference along 26.9°N between the pretyphoons and post-
typhoons. When Rammasun passes the section, the sea temperature from 0 to 100 m depth is evidently
decreased. The maximum cooling from the sea surface to 20 m depth, 1.75°C, is located at the underwater
location of the Rammasun center, but the maximum cooling on the depth of 40 m is 2.0°C, which located at
the underwater right side of the Rammasun center (Figure 17a). Thus, the process of “cold suction”
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Figure 13. Ocean temperature (°C) from Test 1 in a vertical-zonal section along 28.1°N at (a) 0600 UTC 3 and 4 (b) July 2002.
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Figure 14. Ocean temperature difference (temperature at 0600 UTC 4 July 2002 minus 0000 UTC 4 July 2002) along 28.1°N from (a—d) Tests 1-4.

dominates as Rammasun passes the vertical section of 26.9°N. In the meanwhile, the effect of sea spray evi-
dently enhances the process of the “cold suction” during the typhoon passage. Considering the influence of
sea spray induced momentum flux, the maximum cooling at the depth of 20 m (40 m) increases to 2.0°C
(2.25°C) with the increasing width of cooling area (Figure 17b). Unlike the effect of sea spray induced
momentum flux, sea spray induced net heat fluxes slightly affect the process of “cold suction” (Figure 17c).
Also, when the sea spray induced momentum and net heat fluxes are considered together, the process of
the “cold suction” is further reinforced. The depth of the near-surface cooling increases to 30 m; and the
maximum cooling at 40 m depth enhances to 2.5°C, which is 0.5°C colder than that of Test 1 (Figure 17d).
Figure 18 compares the daily change of sea temperature along 26.9°N section with (Test 4) and without
(Test 1) the influences of sea spray. The “cold suction” passage is revealed by the Test 4 and the Test 1, while
the intensity of “cold suction” with sea spray is stronger with the sea spray effect (Test 4) than without the
sea spray effect (Test 1), i.e., the 0.75°C isotherm is deepen from 75 m in the Test 1 to 95 m in the Test 4,
which is closer to the MODAS data during Rammasun’s passage.

4.4. Impact on Vertical Diffusion and Advection

In the ocean heat equation, the local time rate of change of temperature is caused by vertical diffusion,
advection, and horizontal diffusion. Each term is calculated using four experimental data (Tests 1-4), as
shown in Figures 19-21. Since the horizontal diffusion is not sensitive among the four tests (Figure 21), it is
not analyzed. Without the effect of sea spray (Test 1), the vertical diffusion cools the temperature from
the sea surface to 36 m depth below the center of Rammasun, while the maximum of the cooling rate is
0.75°C/d in the mixed layer. Also, the vertical diffusion warms the subsurface temperature in the 40-70 m
depth below the right side of Rammasun center (Figure 19a). The advection term (including the horizontal
advection and the vertical convection), however, warms the ocean from the sea surface to 50 m depth,
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Figure 15. Ocean temperature (°C) from Test 1 in a vertical-zonal section along 26.9°N at (a) 0000 UTC 3 and 4 (b) July 2002.
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Figure 16. (a and c) Ocean temperature from MODAS and Test 1 in a vertical-zonal section along 26.9°N on 2 July 2002; (b and d) Ocean temperature derived MODAS and Test 1 on July

52002.

122°E

while the region of the maximal warming rate (1.75°C/d) is located from 22 to 32 m underwater below the
Rammasun center (Figure 20a). This implies that the sea surface and near-surface cooling is caused primarily
by the vertical diffusion, and the subsurface warming is modulated by the advection. In addition, the verti-
cal diffusion also induces warming in the depths of 40-70 m. In other words, both the vertical diffusion and
advection contribute to the sea surface or near-surface cooling and ocean subsurface warming, corresponding
with the “heat pump” phenomenon in the 28.1°N section during the Rammasun’s passage. Under the influ-
ence of the sea spray induced momentum flux (Test 2), both the vertical diffusion and advection are signifi-
cantly enhanced. The cooling rate caused by the vertical diffusion in the upper 20 m depth is enhanced to
1.0°C/d, and its warming (2.5°C/d) is expanded to 40-70 m depth below Rammasun center (Figure 19b). At
the same time, the ocean warming induced by advection extends to 50 m depth, with a maximum of 3°C/d in
25-30 m depths (Figure 20b). Different from the momentum flux, the sea spray induced net heat fluxes
mainly affect the vertical diffusion in the near-surface (Test 3), the cooling rate of the vertical diffusion is
added up to 1°C/d near the sea surface below the typhoon center (Figure 19¢). However, when the effect of
the sea spray on momentum and net heat flux is considered (Test 4), the warming induced by the vertical dif-
fusion and advection is further enhanced. The warming rate caused by the vertical diffusion in 30-70 m
depths reaches 3.5°C/d below the right side of Rammasun center (Figure 19d). The warming depth caused by
the advection is extended to 55 m depth below the right side of Rammasun center (Figure 20d).

Similarly, contribution of vertical diffusion and advection to the upper ocean temperature in the 26.9°N sec-
tion during the Rammasun’s passage is investigated with and without the effect of sea spray. The vertical
diffusion in Test 1 (without the effect of sea spray) causes the cooling in the upper 10 m below the typhoon
center region, with a maximum cooling rate of 4°C/d at the sea surface (Figure 22a). The cooling at the
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Figure 17. Ocean temperature difference (temperature at 0000 UTC 4 July 2002 minus 0000 UTC 3 July 2002) along 26.9°N from (a—d) Test 1-4.
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Figure 18. Ocean temperature different (temperature on 5 July 2002 minus 2 July 2002) along 26.9°N derived from (a) MODAS, (b) Test 1, and (c) Test 4.

depth from 10 to 100 m is induced by the advection, with a maximum cooling rate of 5°C/d at the depth
from 20 to 28 m (Figure 23a). When Rammasun passes the vertical section of 26.9°N, the cooling in the
upper (lower) 10 m is mainly dominated by the vertical diffusion (the advection). In other words, the advec-
tion transfers the subsurface cold water into the upper ocean layer, which raises the ocean thermocline.
The colder water in the lower layer and warmer water in the upper layer are vertically mixed by the vertical
diffusion. Affected by both the vertical mixing and advection entrainment, the enhanced cooling happens
in the upper 100 m depth below the Rammasun center region (“cold suction”). Considering the effect of sea
spray induced momentum flux (Test 2), the affected depth and intensity of the vertical diffusion and advec-
tion are significantly enhanced. The maximum cooling rate increases to 5.9°C/d near the sea surface due to
the vertical diffusion with the sea spray mediated momentum flux (Figure 22b); and to 7.8°C/d in the depth
from 20 to 28 m due to the advection (Figure 23b). Taking into account the effect of sea spray on the net
heat fluxes (Test 3), the cooling rate due to the vertical diffusion is added up to 4.7°C/d near the surface
(Figure 22c¢), while due to the advection is almost unchanged. However, when the effect of sea spray heat
and momentum fluxes is considered (Test 4), the cooling rate is further enhanced. The subsurface cooling
rate related to the vertical diffusion is up to 6.1°C/d in the upper 14 m (Figure 22d). The cooling depth of
the advection is extended to 46 m depth below the right side of Rammasun center (Figure 23d).

From the above analysis, the effect of the sea spray on momentum flux significantly enhances the vertical
diffusion and advection of the temperature field. Different with the effect of sea spray momentum flux, the
net heat flux mainly strengthens the vertical diffusion. Although the effect of the sea spray caused net heat
fluxes is smaller than that of the sea spray caused momentum flux, the combined effects of momentum
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Figure 19. The vertical diffusion of ocean temperature (°C/d) corresponding with Figure 14, from (a-d) Tests 1-4.
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Figure 20. Same as Figure 19, but for the advection of ocean temperature.

and heat induced by the sea spray are stronger than the individual one since there is interaction between
them.

5. Conclusions

The 3Dvar POMgcs ocean model is used to investigate the effect of sea spray on the upper ocean response
to Rammasun in the YES from 3 to 6 July 2002. The effects of sea spray caused heat and momentum fluxes
are introduced by two physical processes. First, the sea spray induced heat fluxes are introduced with
improved Fairall's sea spray heat fluxes algorithm, which includes the new whitecap areal fraction and the
feedback mechanism between the air-sea interface and the sea spray. Second, the sea spray affected
momentum flux is considered through the improved COARE version 2.6 bulk model, in which the spray-
affected sea surface dynamic roughness length is used for the full wind speed condition. Third, the sea
spray induced momentum and heat fluxes are completely considered to analyze the impact of sea spray on
the sea temperature during the passage of Rammasun.

The sea spray induced turbulent fluxes are primarily located around the eye-wall region of Typhoon Ramma-
sun. The maximum effects mostly lie on the right of the typhoon moving tracks, consistent with the distribu-
tion of wind speed during Rammasun’s passage (right-side bias). When Rammasun reaches the Yellow sea,
the maximum sea spray net latent (sensible) heat flux is enhanced up to 65 (—27) W/m?, which is a 26%
(13.5%) increase compared to the interfacial latent (sensible) heat flux. The maximum total air-sea momentum
flux is enhanced up to 1.9 N/m?, which is 43% increase compared to the interfacial momentum flux.

The sea spray induced momentum flux significantly enhances the vertical diffusion and the advection for
the sea temperature, while sea spray induced net heat fluxes mainly strengthens the vertical diffusion.
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Figure 21. Same as Figure 19, but for the horizontal diffusion of ocean temperature.
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Figure 22. The vertical diffusion of ocean temperature (°C/d) corresponding with Figure 17, from (a-d) Tests 1-4.

Although the effect of the sea spray net heat fluxes is smaller than the sea spray induced momentum fluxes,
there is a positive feedback process between the two to further affect the heat budget of the upper ocean.
Hence, the combined effects of heat and momentum fluxes induced by the sea spray are stronger than the
individual one.

In addition, the inclusion of sea spray effects can significantly enhance the intensity of the “cold suction”
and “heat pump” during the Rammasun'’s passage. In the process of the “cold suction”, the sea spray enhan-
ces the cooling at 60 m depth under the typhoon center position. The maximum sea surface cooling
induced by the sea spray is enhanced by 0.5°C in the right side of the typhoon track, which consists with
the satellite observations. Hence, sea spray acts as an additional source of the air-sea turbulent fluxes and
can improve the upper ocean thermal response during the Rammasun'’s passage.

In addition, for a complicate air-sea relative reaction typhoon, the effects of wave also play a key role in
affecting air-sea turbulent fluxes [Reichl et al., 2014], ocean state and sea spray generation [Zhang and Wil-
liam, 2006]. When sea spray returns to water, sea spray extinguishes short waves to reduce the drag
induced by wave [Andreas, 2004; Makin and Kudryavtsev, 1999]. To illustrate clearly the effects of sea spray,
this study only considers the thermal and dynamic effects of sea spray on the mid-latitude upper ocean dur-
ing a typhoon passage. However, some discrepancies still exist between the observation and the simulation
due to the use of ocean model only. First, wave drag may compete or mitigate some of the effects of sea
spray [Liu et al., 2012], thus we will use a wave model to provide the source of the sea spray [Zhang et al.,
2006; Zhang and Perrie, 2008], and supply more proper relation between sea surface wind and wave for the
passage of typhoons [Donelan et al.,, 1985]. Second, the air-sea coupled model should be used in future to
understand the feedback processes between sea spray and air-sea interface.
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Figure 23. Same as Figure 22, but for the advection of ocean temperature.
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