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ABSTRACT

It has long been recognized that the evolution of marine storms may be strongly affected by the flux
transfer processes over the ocean. High winds in a storm can generate large amounts of spray, which can
modify the transfer of momentum, heat, and moisture across the air-sea interface. However, the role of sea
spray and air-sea processes in western Pacific typhoons has remained elusive. In this study, the impact of
sea spray on air-sea fluxes and the evolution of a typhoon over the western Pacific is investigated using a
coupled atmosphere-sea-spray modeling system. Through the case study of the recent Typhoon Fengshen
from 2002, we found that: (1) Sea spray can cause a significant latent heat flux increase of up to 40% of
the interfacial fluxes in the typhoon; (2) Taking into account the effects of sea spray, the intensity of the
modeled typhoon can be increased by 30% in the 10-m wind speed, which may greatly improve estimates
of storm maximum intensity and, to some extent, improve the simulations of overall storm structure in the
atmospheric model; (3) The effects of sea spray are mainly focused over the high wind regions around the
storm center and are mainly felt in the lower part of the troposphere.
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1. Introduction

China is one of the countries that is most vulner-
able to typhoons. Millions of people live along the
coastline and are exposed to the threat from wind,
rain, storm surges, and severe weather caused by west-
ern Pacific typhoons. During the last two decades, the
theory of typhoon evolution has been investigated ex-
tensively. In particular, large efforts were focused on
the effects of large-scale circulation, typhoon structure,
and terrain, etc on the evolution of the typhoon (see
the review in Meng et al., 2002). By comparison, the
role of air-sea exchange processes in western Pacific
typhoons seems to have received less attention in the
earlier studies.

Indeed, typhoons are known as powerful ‘engines’
that convert energy extracted from the ocean into the
air. Momentum and heat flux transfer at the air-sea
interface has long been recognized as an important
element to generate and maintain a typhoon (Riehl,
1954). Flux transfer processes over the ocean are com-
monly parameterized using Monin-Obhukov similarity
theory. However, during high wind conditions in a ty-
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phoon, a complicating factor is present because large
amounts of sea spray are produced by both bursting
air bubbles in whitecaps and whipping spume from
the tips of waves. Through the evaporation of spray
droplets, the fluxes might be significantly modified,
which can, in turn, affect the evolution process of the
typhoon. Over 50 years ago, Riehl (1954) suggested
that the sea spray provides a significant amount of the
heat needed to generate and maintain a tropical storm.
Since the 1970s, a new wave of scientists rediscovered
the sea spray problem (Wu, 1973, 1974; Bortkovskii,
1973; Ling and Kao, 1976). With the more recent
Humidity Exchange Over the Sea (HEXOS) program,
new ideas, better instruments, and more powerful an-
alytical tools were brought to bear on the study of sea
spray (Katsaros et al., 1987; Smith, 1988; Rouault et
al., 1991). However, despite the large HEXOS effort,
the parameterization of sea spray and its contribution
to heat fluxes at high wind speeds remains a challeng-
ing task, because the data are still quite scanty.
Andreas (1992) developed a simple model for the
contribution of sea spray to sensible and latent heat
fluxes. Fairall et al. (1994) then developed a param-
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eterization scheme for use in numerical atmosphere
models to study the effect of sea spray during hurricane
development. Andreas (1998) later modified his simple
model for application to high wind conditions. This
led to the development of the Andreas and DeCosmo
(1999) parameterization of sea spray suitable for high
winds. These parameterization schemes make it pos-
sible to study the impact of sea spray on hurricanes
with a coupled atmosphere/ocean modeling system.
In many recent studies, the effects of sea spray mainly
focus on tropical cyclones or hurricanes over the At-
lantic. In fact, Fairall et al. (1994) claimed that with-
out taking into account evaporating spray droplets, the
boundary layer of a modeled tropical cyclone evolves
in an unrealistic manner. Kepert et al. (1999) and
Bao et al. (2000) investigated the impact of spray on
the development of a simulated hurricane using a cou-
pled atmosphere-ocean-wave model. They found that
the hurricane intensity is able to substantially increase.
Wang et al. (2001) reported a moderate enhancement
of the final intensity of a modeled tropical cyclone be-
cause of spray. Quite recently, modeling results (e.g.,
Meirink and Makin, 2001; Li et al., 2003) even suggest
that sea spray can significantly increase air-sea heat
flux and storm intensity of extra-tropical hurricanes
over the Atlantic. However, the exact role of sea spray
in western Pacific typhoons remains unclear.

In this paper, a western Pacific typhoon in 2002,
Typhoon Fengshen, is simulated using a coupled
atmosphere-sea-spray modeling system. Our objective
in this study is to investigate whether the sea spray
can affect the western Pacific typhoon and to deter-
mine what the sea spray effects are. In section 2, the
setup for the numerical simulations is outlined. This
includes a description of the Canadian MC2 (mesoscale
compressible community) model and the inclusion of a
sea spray parameterization in the medel. The results
of a case study using this modeling system are pre-
sented in section 3. Concluding remarks are given in
section 4.

2. Model description

All numerical simulations for this study are per-
formed using a coupled atmosphere-sea-spray model,
constructed from a well tested mesoscale model,
namely the Canadian MC2 model, and a bulk algo-
rithm for turbulent air-sea fluxes with a parameteriza-
tion scheme for sea spray in high winds. This section
describes the MC2 model and the sea spray parame-
terization scheme.

2.1 The MC?2 model
The atmospheric model is the MC2 (version 4.9.3)
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model from the Meteorological Service of Canada
(MSC) described in http://www.cmc.ec.gc.ca/rpn/
modcom/index2.html. MC2 originates from a limited-
area model developed by Robert et al. (1985). It
is a state-of-the-art fully-elastic nonhydrostatic model
solving the full Euler equations on a limited-area
Cartesian domain with time-dependent nesting of lat-
eral boundary conditions, which are given by the large-
scale model. It uses semi-Lagranigan advection and a
semi-implicit time differencing scheme. Mainly due
to its semi-implicit semi-Lagrangian scheme, the MC2
model is accurate and efficient. It has proven to be
quite versatile as a modeling tool, allowing excellent
simulations over a wide spectrum of scales (Benoit et
al. 1997). It has also been well tested for simulations
related to hurricanes (McTaggart-Cowan et al. 2001).

We run MC2 with a horizontal resolution of 30km
and with 30 layers in the vertical. The lowest model
level is located approximately 18m above the surface.
The integration time step is 600 seconds. All sim-
ulations are initialized using the analysis data gener-
ated by the regional data assimilation system at Cana-
dian Meteorological Center (CMC) (Chouinard et al.
1994). A force-restore scheme, as described by Benoit
et al. (1997), is used to calculate surface heat and
moisture fluxes over land. Deep cumulus convection
is parameterized using the Kain-Fritsch scheme. For
case studies presented here, MC2 simulations used a
6-h nesting interval to produce forecasts up to 48 h.
No bogus initialization model was implemented.

2.2 Air-sea fluxes and sea spray parameteriza-
tion

In MC2, the surface fluxes above the sea are cal-
culated using Monin-Obukhov similarity theory. The
resulting bulk formulations for the turbulent fluxes of
momentum I', sensible heat Hj, and latent heat Hr,
are

I'= paCDUZQI ; (1)
Hs - pacpaCHUzl (90 - 921) 5 (2)
Hy = paL,CeU, (90 — qu) - (3)

Here, U, is the mean horizontal wind speed, 6 the
potential temperature, ¢ the specific humidity, p, the
density of air, Cp, the specific heat of moist air at con-
stant pressure, and L, the latent heat of evaporation
of water. The heat fluxes are defined as positive in the
upward direction. The subscript z; denotes the lowest
model level, while 0 refers to the water surface. The
exchange coefficients C; (i = D, H, F) are determined



Heat flux (Wm3)
> 0 o
]
S
L
N\
\
~

—
5 10 15 20 25 30 35 4C

Wind speed (ms™)

Fig. 1. Typical magnitude of the interfacial and spray-
mediated sensible and latent heat fluxes as a function
of wind speed. The fluxes have been calculated for:
RH=80%, S=35 psu, Ps=980 hPa, t, = 25°C, SST=27°C.
Thick dashed line is Qr sp; Thin dashed line: Hy, ; Thick
solid line: @ssp; Thin solid line: H.

from their neutral counterparts Cin:

K2

CpN = m , (4)

Can = In(21/zom) In(z1/201) (5)
2

Cix = il (6)

In(z1/20m) In(21/204) ’
where k is the von Kdrmén constant, and zg,,, zo:, and
204 are the roughness lengths for momentum, temper-
ature, and humidity, respectively.
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Our concern is the microphysical modelling of air-
sea processes, namely sea spray, related to heat and
moisture transfer during severe storm conditions. Sea
spray droplets in the range 1 to 500 pym are impor-
tant for this process. However, the transfers of la-
tent and sensible heat related to these droplets are es-
sentially decoupled—the sensible heat exchange occurs
about three orders of magnitude faster than the latent
heat transfer. The ambient humidity has very little ef-
fect on the temperature scale and the sea surface tem-
perature has very little effect on the radius timescale
because the droplet is at its equilibrium temperature
during most of its evaporation. These facts and related
arguments of Andreas and Emanuel (2001) imply that
sea spray can accomplish a net air-sea enthalpy trans-
fer. Following Andreas and DeCosmo (2002), total
air-sea momentum, and latent and sensible heat fluxes
are represented

'r=T+Ty, (7)
HL,T = HL + QL,sp ) (8)
Hst=Hs+ Qsyp 9)

where
Iy, = 0.062U7 ,
Qstp = QQL )
Qssp = Qs — (= 7)Qy (12)
are the spray fluxes. I'sp, Qssp, and Qrep are the
sea-spray-mediated momentum flux, sensible heat flux,
and latent heat flux, respectively. U, is the friction

velocity. Qg and Qr, are ‘nominal’ values for spray
sensible and latent heat fluxes, and «, 3, and v are

Fig. 2. Impacts of sea spray on latent heat flux at 0018 UTC 24 July 2002. (a) latent heat flux including
effects of sea spray, (b) difference in latent heat flux with sea spray minus that without sea spray in the

model simulation. (Units: W m™?)
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Fig. 3. Time series of maximum latent and sensible heat
fluxes with and without sea spray, following the storm
track. Thick solid line: latent heat fluxes with sea spray;
Thick dashed line: latent heat fluxes without sea spray;
Thin solid line: sensible heat fluxes with sea spray; Thin
dashed line: sensible heat fluxes without sea spray. (Units:
W m~?)
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Fig. 4. Comparison of storm tracks of Typhoon Feng-
shen with and without sea spray simulations as well as
CMA analysis. Storm center locations are plotted every 6
h. Simulation for Fengshen begins on 0000 UTC 24 July
2002.

constants tuned with HEXOS data. Details of the
computation of Qgssp and Qrs, are given in An-
dreas and DeCosmo (2002). Following Andreas and
Emanuel (2001), the sea spray contributions to Equa-
tions (7)—(9) are given by bulk formulae representa-
tions. Andreas (2003) provides more details of the
bulk spray algorithm.

2.3 Variation as a function of wind speed

To get an indication of the magnitude of the
spray-mediated fluxes, the estimates Hg, Hi,, Qs sp,
and Q1 sp are plotted as functions of wind speed at 18
m (the lowest MC2 model level in this study) in Fig.
1. The conditions for the calculation of the figure are
more or less typical for the typhoon seasons over the
western Pacific. It shows that the spray-mediated la-
tent heat fluxes increase much more rapidly with wind
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speed than the interfacial fluxes. This supports the
suggestion that latent heat fluxes rather than sensi-
ble heat fluxes are the key factor in the influences of
sea spray on typhoons. The stronger the typhoon is,
the more important the sea spray can be. Above the
approximate typhoon-threshold wind speed, approxi-
mately 30 ms™!, Qrsp increases rapidly with increas-
ing winds in this formulation.

3. Numerical results

While most earlier studies were concerned with the
effects of sea spray on Atlantic hurricanes, we consider
western Pacific typhoons. A recent typhoon case, su-
per typhoon Fengshen from 2002, is investigated us-
ing the coupled atmosphere-sea-spray modeling sys-
tem described in section 2 to show the impact of sea
spray.

Fig. 5. 10-m winds: (a) simulation with sea spray, (b)
simulation without sea spray, and (c) QUIKSCAT/NCEP
blended wind fields. The three plots are at 0018 UTC 24
July 2002. The storm center is approximately at (28°N,
136°E) in the three plots. (Units: knots or 0.514 ms™1).
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Fig. 6. (a) Minimum sea level pressure (SLP) (hPa) (a)
and (b) 10-m wind speeds (Units: knots or 0.514 m s™')
time series for Fengshen.

Typhoon Fengshen was the 9th typhoon of 2002,
which formed on 14 July 2002 and became indistinct
on 27 July 2002. The super typhoon Fengshen was a
true monster over the western Pacific. Packing sus-
tained winds up to 260 km h™! made it a veritable
Category 5 typhoon on the Saffir-Simpson scale, the
worst our atmosphere is capable of. It would have
easily caused catastrophic damage if it had reached
land. Peak gusts were likely to reach up to 320 km
h=!. Storm surge and winds were likely to produce
waves of 15 m and higher. Luckily Fengshen occured
far off shore away from any populated areas.

In this study, we integrate the model from 0000
UTC 24 July 2002 to produce forecasts up to 48 h.
Two experiments-simulations with and without sea
spray-are carried out to evaluate whether and how the
sea spray affects the air-sea fluxes and the evolution of
the typhoon.

3.1 Effects on surface flures

0 6 12 18

To explain the sea spray impact on typhoon evolu-
tion we must describe the effects ofsea spray onsurface
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Fig. 7. (a) Differences in SLP (hPa) and (b) 10-m winds
(knots) between the simulations, with and without sea
spray, for Fengshen at 0000 UTC 26 July 2002, and (c)
corresponding 10-m winds from the MC2 simulation with
sea spray (Units: knots or 0.514 ms™').
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Fig. 8. Difference in 500 hPa height(dam), for simulations
with and without sea spray at 0000 UTC 26 July 2002.
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Fig. 9. Vertical profile of differences in maximum wind
speed between simulations with and without sea spray, at
0000 UTC 26 July 2002. (Units: knots or 0.514 ms™!).

fluxes. Figures 2a—b present the spatial distribution of
the latent heat flux pattern and differences of latent
heat fluxes, with and without sea spray, at the peak in-
tensity of Fengshen’s life cycle for the simulation with
sea spray, 0018 UTC 24 July 2002. The figures demon-
strate that latent heat flux has maximum values over
the high wind regions around the storm center (Fig.
2a). This is also the region where the differences be-
tween latent heat fluxes (Fig. 2b), with and without
the sea spray, have their maximum values, providing
the mechanisms to intensify the storm, following An-
dreas and Emanuel (2001). Regions with negative val-
ues for the difference in latent fluxes in these two sim-
ulations are the result of small differences in the storm
tracks.
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The immediate impact of sea spray is to modify the
heat fluxes across the air-sea interface through evapo-
ration, as discussed by Andreas and Emanuel (2001).
In Fig. 3, we show the time series of maximum latent
and sensible heat fluxes for Typhoon Fengshen, follow-
ing its actual and modeled storm tracks. It can be seen
from the figure that for much of the Fengshen evolu-
tions, the sea spray impacts on latent heat are on the
order of about 100 W m~2. The effect is significantly
larger during model hours 24-36th when the surface
10-m winds experience the maximum differences be-
tween the simulations without and with sea spray (see
Fig. 6b). The maximum increase of latent heat flux
caused by sea spray can be up to 180 W m~2 (about
40%). The sea spray impact on sensible heat flux is
much smaller compared to the impact on latent heat
flux. For most model hours, spray sensible heat flux
Qs sp is only about 25% of the corresponding latent
heat flux Q1 sp values. The maximum differences in
sensible heat flux between the simulations with and
without sea spray is only about 80 W m~2. This sug-
gests that sea spray affects the typhoon mainly by in-
creasing latent heat flux across the air-sea interface.

3.2 Effects on the typhoon evolution and spati-
al structure

In the 48-h simulations, the MC2 model captures
the evolution of the storm track reasonably well. Fig-
ure 4 shows a comparison of the storm tracks of Ty-
phoon Fengshen from the coupled and uncoupled sea-
spray simulations, as well as from the China Meteoro-
logical Administration (CMA) analysis. This shows
that in both the coupled and uncoupled sea spray
cases, the simulated tracks are quite close to the CMA
analysis, although it seems the modeled typhoon track
are displaced a little to the south of the CMA analysis
tracks especially in the first half of the simulation. It
is interesting to note that in our case study, sea spray
seems to have biased the storm track a little to the
high-wind side of the storm, particularly at the 18th
model hour. This reflects the dominance that wind
speed has on the sea spray formulation.

To verify whether the MC2 model gives a good
baseline simulation of Typhoon Fengshen and to show
whether the sea spray parameterization used in the
model improves the overall structure of the simu-
lated storm, we present a comparison of the MC2
simulations of the 10-m wind, with and without sea
spray, to the Quick Scaterometer/National Center
for Environmental Prediction (QUIKSCAT/NCEP)
blended wind, available from Colorado Research As-
sociates, USA, in Figs. ba—c. This is for 0018 UTC
24 July 2002. Although the spatial projections for the
QUIKSCAT/NCEP blended product and MC2 winds
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differ, the overall structure of the wind fields are quite
similar. The simulations, with and without sea spray,
and the QUIKSCAT /NCEP blended wind estimate al-
most the same storm centers at approximately (28°N,
136°E), and bear similar asymmetric structures with
the high winds mainly to the northern part of the
storm. It is worth mentioning that the simulated Ty-
phoon Fengshen with sea spray included (Fig. 5a) is
much more similar to the ‘observations’ (Fig. 5¢), com-
pare to the simulations without sea spray (Fig. 5b),
which suggests that the sea spray parameterization
used in the model may improve, to some extent, the
overall structure of the simulated storm.

While the overall impact of sea spray on the storm
track is small, the impact on storm intensity is rather
significant. In Figs. 6a-b, we give the minimum sea
level pressure (SLP) and corresponding maximum 10-
m wind speeds over the storm center from simulations
with and without sea spray for Typhoon Fengshen
along the storm tracks. The Figures show that sea
spray can increase the model storm intensity quite sig-
nificantly. The maximum impact of sea spray on SLP
is about 8 hPa at the final model hour. The maxi-
mum increase due to the inclusion of sea spray on the
surface 10-m wind speed is about 30% (10 m s~!, or
19 knots). It is notable that with sea spray included
in the typhoon simulation, the modeled wind speed is
much more close to the observation wind field (e.g.,
QuikSCAT surface wind), while the simulation with-
out sea spray has greatly under-predicted the maxi-
mum wind in the typhoon. It is suggested that the
inclusion of the sea spray parameterization can im-
prove the estimates of storm maximum intensity in
atmospheric models.

In section 2, we emphasized that spray-mediated
fluxes are highly dependent on wind speed, which sug-
gests that the maximum effects of sea spray will occur
in the strong wind zone of the typhoon. The con-
tour plots of differences in SLP and 10-m winds for
simulations with and without sea spray and the cor-
responding wind fields are given in Figs. 7Ta—c. The
figures show that sea spray deepens the sea level pres-
sure over the whole storm region. In these plots, the
maximum deepening of SLP due to sea spray is located
on the high wind side near the storm center, with a 9-
hPa maximum decrease at the 48th model hour (Fig.
7a). Besides the effects on SLP, sea spray increases
surface winds over the whole storm region. The maxi-
mum increase of the 10-m winds is also located mainly
over the south of the storm center, where the high wind
zone of Typhoon Fengshen is at that moment (see Fig.
Tc).

The effects of sea spray diminish with increasing
height. In Fig. 8, we present the difference plots for

LI 275

500-hPa heights corresponding to the difference plots
for SLP in Fig. 7a. This shows a relatively weak sig-
nal for sea spray. Vertical profiles for maximum wind
speeds, comparing the differences in simulations with
and without sea spray (Fig. 9), also show that the ef-
fects of sea spray are mainly felt at the low levels.
Maximum differences occur at about 800 hPa with a
9-knot increase while taking into account the effects
of sea spray. At 400-500 hPa, the difference profile
reduces to values close to zero. This suggests that the
spray’s effects are mainly felt in the lower part of the
troposphere.

4. Conclusions

In this study, the impact of sea spray on the air-sea
fluxes and the evolution of a western Pacific typhoon
is investigated using a coupled atmosphere/sea spray
modeling system. The recent case of super typhoon
Fengshen from 2002 is analyzed. We found that (1) Sea
spray can cause a significant latent heat flux increase
of up to 40% of the interfacial fluxes in Fengshen; (2)
Taking into account the effects of sea spray, the inten-
sity of modeled Fengshen can be increased by 30% in
the 10-m wind speed, which may improve estimates of
storm maximum intensity and may, to some extent,
improve the simulations of overall storm structure in
the atmospheric model; (3) The effects of sea spray are
mainly focused over the high wind regions around the
storm center and are mainly felt in the lower part of
the troposphere.

Bearing in mind the complexities of typhoon mech-
anisms and the uncertainties in the spray parameter-
izations, we acknowledge that our study is very pre-
liminary, and that we need to do further investigations
with more case studies of western Pacific typhoons to
identify the effects of sea spray.

Acknowledgments. The author thanks Will Perrie
and Edgar L. Andreas for fruitful discussions during the
course of this study and for their willingness to share their
FORTRAN codes to calculate spray fluxes. This study was
funded by the Ministry of Science and Technology of the
PRC Projects on Landfalling Typhoon under Grant No.
2001DIA20026.

REFERENCES

Andreas, E. L., 1992: Sea spray and the turbulent air-sea
heat fluxes. J. Geophys. Res., 97, 11429-11441.
Andreas, E. L., 1998: A new sea spray generation function
for wind speeds up to 32 m/s. J. Phys. Oceanogr., 28,

2175-2184.

Andreas, E. L., 2003: An algorithm to predict the tur-
bulent air-sea fluxes in high-wind, spray conditions.
Preprints. 12th Conf. on Interaction of the Sea and
Atmosphere, Long Beach, CA, Amer. Meteor. Soc.



276 MODELLING AIR-SEA FLUXES: ROLE OF SEA SPRAY

Andreas, E. L., and J. DeCosmo, 1999: Sea spray pro-
duction and influence on air-sea heat and mois-
ture fluxes over the open ocean. Air-Sea Ezchange:
Physics, Chemistry and Dynamics, G. L. Geernaert,
Ed., Kluwer, 327-362.

Andreas, E. L., and K. A. Emanuel, 2001: Effects of sea
spray on tropical cyclone intensity. J. Atmos. Sci., 58,
3741-3751.

Andreas, E. L., and J. DeCosmo, 2002: The signature of
sea spray in the HEXOS turbulent heat flux data.
Bound.-Layer Meteor., 103, 303-333.

Bao, J.-W., J. M. Wilczak, J.-K. Choi, and L. H. Kantha,
2000: Numerical simulations of air-sea interaction
under high wind conditions using a coupled model:
A study of hurricane development. Mon. Wea. Rev.,
128, 2190-2210.

Benoit, R., M. Desgagne, P. Pellerin, Y. Chartier,
and S. Desjardins, 1997: The Canadian MC2:
A semi-implicit semi-Lagrangian wide-band atmo-
spheric model suited for fine-scale process studies and
simulation. Mon. Wea. Rev., 125, 2382-2415.

Bortkovskii, R. S.; 1973: On the mechanism of interac-
tion between the ocean and the atmosphere during a
storm. Fluid Mechanics Soviet Research., 2, 87-94.

Chouinard, C., J. Mailhot, and A. Mitchell, 1994: The
Canadian regional data assimilation system: Oper-
ational and research applications. Mon. Wea. Rev.,
122, 1306-1325.

Fairall, C. W., J. D. Kepert, and G. J. Holland, 1994: The
effect of sea spray on the surface energy transports
over the ocean. The Global Atmosphere and Ocean
System, 2, 121-142.

Katsaros, K. B., S. D. Smith, and W. A. Oost, 1987:
HEXOS-Humidity Exchange Over the Sea, A pro-
gram for research on water-vapor and droplet fluxes
from sea to air at moderate to high wind speeds. Bull.
Amer. Meteor. Soc., 68, 466—476.

Kepert, J. D., C. W. Fairall, and J.-W. Bao, 1999: Mod-
elling the interaction between the atmospheric bound-
ary layer and evaporating sea spray droplets. Air-Sea
Ezchange: Physics, Chemistry and Dynamics, G. L.
Greernaert, Ed., Kluwer, Dordrecht, 363—409.

VOL. 21

Li, W., W. Perrie, E. L. Andreas, J. Gyakum, and
R. McTaggart-Cowan, 2003: Impact of sea spray
on numerical simulation of extratropical hurricanes.
Preprints. 12th Conf. On Interaction of the Sea and
Atmosphere, Long Beach, CA, Amer. Meteor. Soc.

Ling, S. C., and T. W. Kao, 1976: Parameterization of
the moisture and heat transfer process over the ocean
under whitecap sea states. J. Phys. Oceanogr., 6, 306—
315.

McTaggart-Cowan, R., J. R. Gyakum, and M. K. Yau,
2001: Sensitivity testing of extratropical transitions
using potential vorticity inversions to modify initial
conditions: Hurricane Earl case study. Mon. Wea.
Rev., 129, 1617-1636.

Meirink, J. F., and V. K. Makin, 2001: Impact of sea spray
evaporation in a numerical weather prediction model.
J. Atmos. Sci., 58, 3626-3638.

Meng Zhiyong, Chen Lianshou, and Xu Xiangde, 2002: Re-
cent progress on tropical cyclone research in China.
Adv. Atmos. Sci., 19, 103-110.

Riehl, H., 1954: Tropical Meteorology. McGraw-Hill, New
York, 392pp.

Robert, A., T. Yee, and H. Ritchie, 1985: A semi-
Lagrangian and semi-implicit numerical integration
scheme for multilevel atmospheric models. Mon. Wea.
Rev., 113, 388-394.

Rouault, M. P., P. G. Mestayer, and R. Schiestel, 1991:
A model of evaporating spray droplet dispersion. J.
Geophys. Res., 96, 7181-7200.

Smith, S. D.; 1988: Coefficients for sea surface wind stress,
heat flux, and wind profiles as a function of wind speed
and temperature. J. Geophys. Res., 93, 15467-15472.

Wang, Y., J. D. Kepert, and G. J. Holland, 2001: The
impact of sea spray evaporation on tropical cyclone
boundary layer structure and intensity. Mon. Wea.
Rev., 129, 2481-2500.

Wu, J., 1973: Spray in the atmospheric surface layer: Lab-
oratory study. J. Geophys. Res., 78, 511-519.

Wu, J., 1974: Evaporation due to spray. J. Geophys. Res.,
79, 4107-4109.



