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ABSTRACT

The upper-ocean responses to Typhoon Megi (2010) are igatst using data from ARGO floats and the satellite TMI.
The experiments are conducted using a three-dimensioimzid®sn Ocean Model (POM) to assess the storm, whiketted
the Northwest Pacific Ocean (NWP) and the South China Sea)($%&Sults show that the upwelling and entrainment
experiment together account for 93% of the SST anomaliegravtyphoon-induced upwelling may cause strong ocean
cooling. In addition, the anomalous SST cooling is strorigghe SCS than in the NWP. The most striking feature of the
ocean response is the presence of a two-layer inertial watheiSCS—a feature that is absent in the NWP. The neardherti
oscillations can be generated as typhoon wakes, which haxermam flow velocity in the surface mixed layer and may last
for a few days, after the typhoon'’s passage. Along the typhiaks, the horizontal currents in the upper ocean showiesse
of alternating negative and positive anomalies emanatg the typhoon.
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1. Introduction (Chu et al., 2000; Ko et al., 2014). It may also cause many
sigsnificant changes in ocean wave characteristics, such as

Studying the upper-ocean response to typhoons began as ... : : )
cay a e 19505 and 19605 (Fishr, 1950, iler, 1951201 Ve s A wave propagatn, when e
Leiper, 1967; O'Brien, 1967; O'Brien and Reid, 1967). Ty- 9 PP gntq
o tt{e typhoon center (Wang et al., 2014). The upper-ocean re-
phoon cyclonic wind stress causes strong upper-ocean verll . .
onse to a typhoon is an important component of ocean—

cal mixing and cooling of the SST (Price, 1981, Greatbatcﬁ?r interaction. Numerous coupled atmosphere—ocean—wave
1985; Stramma et al., 1986; Gjevik, 1991; Gjevik and Merri- : P P

. . odels have been developed in order to understand the re-
field, 1993; Sakaida et al., 1998; Morey et al., 2006; Yun a :
al., 2012; Choi et al., 2013; Mei and Pasquero, 2013), Whi§I gg-seu?lf;?zlocggg?f;) opiealcyclones (Large and Crawlore

can adverselyfﬁect typhoon intensity change and ;tr_uctura The ocean response when a typhoon passes over the NWP
evolution (Chang and Anthes, 1979; Bender and Ginis, 20000|ﬂpers significantly to that of the SCS (Lin, 2012: Mei et

Elsner etal, .2013)' Another consideration is tha_t the pum ., 2015a). Since the mixed layer in the SCS is in general
ing and entrainment as a result of the typhoon will make th

i . = shallower than that in the NWP, the typhoon-generated SST
Eg?rf;\/nertn;edlg%e)zr depth (MLD) deepen (Halpern, 1974; EIzsooling is expected to be stronger in the SCS than that in the

; . . NWP (Mei et al., 2015b). Numerous studies have been de-
The South China Sea (SCS) is an ocean basin often \%tved to exploring the typhoon-generated SST cooling in the

fected by typhoons, and thus has drawn considerable inafES (Chu et al., 2000; Lin et al., 2003a, 2003b; Tsai et al

est for more than a decade (Chu et al., 2000; Lin et . i
2003a, 2003b; Shang et al., 2008; Tseng et al., 2010; CHigr2) and the NWP (Lin, 2012; Yang et al,, 2012). Under-
sfanding the air—sea interaction associated with a typkoon

eF .al., 2012)'. Typhoon-mdu_ced wind stre§s may pIa_y a Siitical for improving typhoon intensity and track foretas
nificant role in SCS circulation and near-inertial oscidat . )
ing. Note also that there are few studies that have helped
to advance our understanding of the possible mechanism in-
* Corresponding author: Zi-Liang LI volved in the generation of the internal wave when a typhoon
Email: liziliang@ouc.edu.cn passes over the SCS or the NWP (Shay and Elsberry, 1987;
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Oey et al., 2008; Guan et al., 2014). The present study seg&igphoon Megi (2010). The computations of the model take
to fill this knowledge gap, and we report our findings in thiplace on (6° x 0.5° curvilinear orthogonal horizontal coor-
paper as follows. An introduction to Typhoon Megi (2010) isinates and a sigma layer in the vertical coordinate with 16
provided in section 2, followed by a description of POM itayers ato- = 0, —0.003125,-0.006250,-0.0125, —0.025,
section 3. We compare the response of the SCS and NWR-@®05, —0.100, —0.200, —0.300, —0.400, —0.500, —0.600,
Typhoon Megi (2010) in section 4, and then conclusions a+®.700,-0.800,—0.900 and-1.000. The study domain cov-
given in section 5. ers 20S to 45N in latitude and 10tE to 70°W in longitude.
The terrain data are from ETOPOS ¢65’). The minimum
) (maximum) water depth is 10 m (4500 m). The external and
2. Typhoon Megi (2010) internal model time steps are 6 s and 180 s, respectively.

Typhoon Megi (2010), which was the most intense ty- Surface boundary conditions are forced by sea surface
phoon in 2010 worldwide, formed as a tropical depressi(W‘ind' air—sea interface heat flux and vapor flux. The western

over southwestern Guam (11M140.9E) on 13 October and eastern boundaries are sheltered by land, while the cli-
and intensified into a tropical storm that evening. On 15 Og]atological monthly averaged temperature and salinitp dat

tober, Megi (2010) intensified into a typhoon over the Pacif® €mployed in the northern and southern boundaries. Thus,
to the east of the Philippines (Fig. 1). Megi became a sugdf boundary set may be closed. _

typhoon on 17 October, reaching a peak intensity of maxi- The model is initialized by the climatological mean tem-
mum sustained winds of about 72 msear its center. and g Perature and salinity with a8k 1° horizontal resolution and
minimum central pressure of 895 hPa (Fig. 1). ' 33 levels provided by WOAQ5 (World Ocean Atlas 2005)

Along the track of Megi (2010), the moving speed of théAntonov et al., 2006; Loc;armm et_ al., 2006). The forcmg
typhoon was only 1.4-2.8 nTsin the SCS. However, the of _the mode_I during th_e spin-up period and subseque_;nt simu-
translation speed of the typhoon was 5.5-6.9 resist of the Iat|0_ns requires the wind stress from NCEP reanalysis da_ta a
Philippines. Typhoon Megi (2010) was more intense over tffah intervals (Kalnay et al., 1996), and the monthly seesibl
NWP than over the SCS. Super Typhoon Megi (2010) crossagpt net flux ar_ld latent heat net flux from COADS (Slutz et
Luzon Island during 18-19 October and weakened to a @}-" 1985; Da Silva etal., 1994).
phoon over the northeastern part of the SCS on 22 October.

Typhoon Megi (2010) made landfall over the coast of Fujia : :

on 23 October and weakened into a tropical storm and di%— Results and discussion

sipated on the morning of 24 October over Fujian. The dadal. SST

are from China Meteorological Administration—ShanghaiTy  pqom reproduces the maximum SST cooling and its lo-

phoon Institute Best Track Dataset for Tropical Cyclongsiion well; the comparison of the modeled SST drop with

over the NWP. the corresponding TRMM images (Fig. 2) shows good agree-

ment. The excessive cooling in POM is most likely due to

3. Dat d thodol the background temperature and salinity structure in the up
) ala and methoaology per ocean. The strong pre-storm currents and fine resolution

The three-dimensional primitive equation circulatioef POM may also contribute to the enhanced mixing during
model, POM, is used to study the upper—ocean responséh® storm’s passage, and thus stronger SST cooling tends to
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Fig. 1. The (a) track and (b, c) intensity change of the typhoon (mimh central pressure and maximum wind speed)
from the JTWC best-track data.
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be induced. Along the storm track, it is clear that the maxnally, note that the vertical temperature decreases frat@ 29
mum sea surface cooling takes place in the SCS-3@N, to 21°C at the depth of 13 m, and from 28Gto 21°C at the
110°—122E). When the typhoon crosses the SCS, the maxiepth of 25 m, when the typhoon passed over the SCS. By
mum wind speed near the typhoon center reaches about 4@mparison, the vertical temperature decreases front@8.5
52 m s1. The stronger typhoon intensity, with slower movto 27°C at the depth of 13 m, and from 28 to 27°C at the

ing speed of 1.4-2.8 nT§, plays a significant role in produc-depth of 25 m, when the typhoon passes over the NWP.

ing a stronger cooling in the SCS (Chiang et al., 2011; Ko ) _ _

et al., 2014). Figure 2 shows the diurnal average SHemi 4-2- Strong upwelling and entrainment experiment

ence between 14 October and 24 October, which represehs1. Experimental design

the maximum pre-storm minus post-storm SST in the SCS. The SST cooling is mainly due to vertical mixing and up-
Itis evident that the maximum SST drop is more tharf6.0 \elling, in which the former of these two processes is as-
after Typhoon Megi (2010) enters into the SCS. By compagyciated with entrainment and the latter can be induced by
son, Fig. 3 shows the diurnal average SSetience between gxman pumping and near-inertial oscillations (Price, 1981
10 October and 17 October, which represents the maxim@Ray and Elsberry, 1987; Price et al., 1994; Yablonsky and
pre-storm minus post-storm SST in the NWP. The maximuginis, 2009). Here, we present the results of two sensitivit
sea surface cooling in the NWP (HBO'N, 122-145E) is  experiments to evaluate the relative importance of upnglli
generally of a magnitude of Z€, and the translation speedyq entrainment (Chiang et al., 2011).

of Typhoon Megi (2010) reaches 7 m'25 km 1) and the EX1 (upwelling experiment): Attention is given to the

maximum wind speed near the typhoon center reaches opfihortant matter of choosing POM model parameters to best
about 32-42 m's, when the typhoon crosses the NWP. Firgpresent the upwelling process induced by Typhoon Meg
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Fig. 2. The diurnal average SSTftiérence (SCS) between 14 and 24 October from (a) TMI data griRiG.
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Fig. 3. The diurnal average SSTftiérence (NWP) between 10 and 17 October from (a) TMI data ane@.
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(2010). We set the vertical kinematic viscosity fizent Table 1.List of experiments.
(Km) to 0.003 n? st and the vertical diusivity codficient
(Kn) to 0.004 n{ s1. Because Ekman pumping is largely

ASST Maximum  ASST (%)

independent oKy, and the choseKy value is about two Experiment Purpose SCS NWP SCS NWP
orders of magnltude smaller than typical value_s found in t_ne cTL Control 58°C  _26°C ~ ~
control experiment (CTL), during Typhoon Megi (2010), this £y Upwelling -3.9°C -16°C 67 62
experiment therefore simulates the upwelling component of gy, Entrainment —15°C -0.8°C 26 31

the cooling process. The other model parameters and forcirg
remain unchanged (Chiang et al., 2011).

EX2 (entrainment experiment): Since the shear-inducéd’C, as compared to the maximus$ST decline of 5.8C
mixing is a one-dimensional process, a one-dimensiondlCTL. Therefore, 67% and 26% of the SST drop caused by
ocean model may be fiicient for capturing the typhoon- Storm Megi (2010) is caused by upwelling and entrainment,
induced SST anomalies. The one-dimensional experimefigpectively. By comparison, when Typhoon Megi (2010)
in this study are also performed using the same version of @sses over the NWP, the maximuBST decline in EX1
three-dimensional ocean model (i.e., POM), except that tiseabout 1.6C, and the maximumSST drop in EX2 is about
advection and pressure gradient terms are removed (Yabl8r¥'C, as compared to the maximut$ST decline of 2.8C
sky and Ginis, 2009). The turbulence closure sub-model afidCTL. Thus, 62% and 31% of the SST drop is induced by
the vertical advection andfiliision are identical to the three-upwelling and entrainment, respectively. TA8STs together
dimensional model. Because one-dimensional models &&count for 93% in both of these experimentshich agrees
limited by their inability to account for upwelling causeg b With the ASST in CTL and demonstrates that our designs for
Ekman pumping and other temperature fluctuations relatedt$1 and EX2, to separate the upwelling and entrainment pro-
horizontal variations, the one-dimensional experimenigis Cesses, are appropriate.

signed to simulate the vertical entrainment and mixing pro- It is evident from Fig. 4 that strong upwelling, together
cess (Chiang et al., 2011). with entrainment mixing, may significantly reduce the SST.

) From the time series, the SST begins to drop on a couple of
4.2.2. Reslts of the experiments consecutive days and reaches its minimum after the storm has
The most striking aspect of the experiment results is tipgssed. However, the SST drop through the mixing process
difference in the typhoon-induced SST drop between the S{gSestored to its stabilized temperature after two cortsezu
and NWP. Figures 2b and 3b show the daily average S83ys. It is noticeable that the typhoon-induced SST cooling
difference induced by Typhoon Megi (2010) in the CTL exXn the SCS can be nearly twofold stronger than that in the
periment, where two maximum SST drops are taken as tRgVP.
sampling points to study the mechanism of the storm-induced
SST drop. The first one is located in the SCS°{8120°E), 4.3. MLD
and the second in the NWP (19, 13C°E). The vertical temperature profiles from a pair of ARGO
The two sensitivity experiments are conducted to evaludteats before and after the typhoon are shown in Fig. 5, and
the relative importance of upwelling (EX1) and entrainmenigree well with that simulated by POM. The first ARGO
(EX2), respectively (Table 1). When typhoon Megi (2010)oat (R2901123) is located at (18N, 118.7E) in the SCS
enters into the SCS, the maximul$ST decline in EX1 is and the second (R5901571) at (148 135°E) in the NWP,
about 3.9C, and the maximumSST drop in EX2 is about approximately 100 km away from the typhoon center. The
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Year:2010 Month:10

Fig. 4. A comparison of the time series of the SST drop between thatseo§ experiments in the (a) SCS (b) NWP.
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oceanic mixed layer is typically defined as a layer of uniform time series comparison between the diurnal average MLD
temperature and density. Figure 5a shows that the MLD iis-shown in Fig. 7. The MLD in the SCS shows an abrupt
creases from 40 m to 60 m, and the mixed-layer temperatdaeepening trend from around 60 m in the pre-storm period
(MLT) decreases from 29°& to 28 C, when the typhoon en-to a depth of 120 m in post-storm period, and then restores
ters into the SCS. By comparison, Fig. 5b shows that the peteadily to 80 m on 31 October. In the NWP, however, the
typhoon MLD is about 50 m, and the typhoon results in BILD shows weak temporal variation and ranges from 60 m
deepening of the mixed layer up to 75 m; however, the MLb 80 m before and after the typhoon.
decreases from 298 to 29.6C, when the typhoon passes o S o
over the NWP. 4.4, Stratification and near-inertial oscillation
Since the initial mixed layer is shallower in the SCS than The upper ocean response to a typhoon can be divided
in the NWP, typhoon-induced SST and MLT cooling is alsmto two stages, the first of which is the forced stage, when th
expected to be stronger in the former region. The stormtramgphoon winds drive the mixed layer currents and cause the
lation speed and its intensity can alddeat the vertical en- SST cooling, and the second of which is the relaxation stage,
trainment and mixing of cold water from the lower layer intavhen the typhoon can excite inertial gravity oscillationtw
the surface layer (Chiang et al., 2011; Ko et al., 2014).  a near-inertial period (Gill, 1984; Garrett, 2001). Compar
We determine the MLD using a density change of 0.128g Fig. 8 with Fig. 9, one can see that the response of the
in sigmat from the ocean surface (Levitus, 1982). Figureurrents appears in the typhoon wake and that Typhoon Megi
6 shows that the sigmiedeepening trends coincide with SST2010) accelerates the near-inertial oscillations in tlveeth
cooling on the right-hand side of the typhoon track in the SA&yer. However, there are some remarkable features in that
and NWP. Taking samples from the eastern side of the stortime ocean response to Typhoon Megi (2010) can create and
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Fig. 5. Vertical temperature profiles from ARGO data and POM in thes@S and (b) NWP.
30°N 250N I2
26
1
- 20
9 T o
15 R N
15 \
14 | \ b
] -)
(a) , 10 | (b) | B
10 -
110 114 118 122°E 120 130 140 °g

Fig. 6. The simulated (POM) diurnal average sigmamnits: kg nr3) difference between 14 and 24 October in the (a) SCS
and (b) NWP.



84 OCEAN RESPONSE TO TYPHOON VOLUME 34

Depth(m) Depth(m)

° "I |
e |
-160 | -160 26

. | 1124
-240 : -240 ]
(@ | (b) | I22
-32 J - : : - : -
. QI 5 10 15 20 25 30Day 320'1 5 10 15 20 25 30Day

Year:2010 Month:10

Fig. 7. The time—depth contours of signdblack line for MLD; units: kg n13) before and after Megi (2010) entered
the (a) SCS and (b) NWP.
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Fig. 8. The time—depth contours of the (a) east and (b) north neati@current components (units: m3 at (16.5N,
118E) in the SCS (“T” for typhoon).

maintain a vertical layering near-inertial oscillatioayéred diurnal current vectors rotate clockwise at the depth of 30
at the depth of 80 m, when Typhoon Megi (2010) passes ovar when Typhoon Megi (2010) passes over the SCS (Ng.5
the SCS (16.5N, 118E). The oscillations at the two levels118E) and the NWP (173N, 131°E). Before Typhoon Megi
are nearly out of phase, because there is distinct vertieal t (2010), the simulated diurnal currents are extremely weak
mal stratification in the SCS (Fig. 5). The opposing phagenly 0.1-0.2 m s!). During the passage of Megi (2010),
found in the SCS can be explained using a simple two-layte diurnal currents gradually increase to a maximum speed
model (Millot and Crépon, 1981), which tends to disappgaraf about 1 m s, which lasts for about 8 days in the SCS and
the vertical thermal stratification weakens. 12 days in the NWP.

After the typhoon enters into the SCS on 20 October, the In order to further reveal the diurnal variations of the cur-
velocity of the current is fastest near the surface, with a-marents, the power density spectra of the eastward and north-
imum speed of about 1 T The current slows to a secondvard components of current velocities are calculated and
maximum speed of about 0.5 m'sat the depth of 120 m. shown in Fig. 10. One can see that the period of the near-
However, a relatively weak and quickly damped near-inkrtimertial oscillation is 1.7 days, which is smaller than tbedl
flow occurs in the NWP (1728, 131°E), with a maximum inertial period of 1.78 days at (1618, 118E) in the SCS.
near-inertial speed of approximately 0.8 it én the upper The frequencies are 4.6% higher than the local inertial fre-
mixed layer, after Typhoon Megi (2010) passes over the NWfRiency, which is the so-called blue shift. By comparisoa, th
on 17 October. The important point here is that the simulatadar-inertial oscillation period is 1.62 days, which is #era
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Fig. 9. The time—depth contours of the (a) east and (b) north neati@current components (units: m at (17.5N,
131°E) in the NWP (“T” for typhoon).
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Fig. 10. Power density spectra (units:2rs~2) of the east and north current components (a) at (M6.21&E) in the
SCS and (b) at (1795, 131°E) in the NWP.

than the local inertial period of 1.66 days at (I'N5131°E) typhoon center.
in the NWP. The frequencies are 2.5% higher than the local Studies are currently underway to estimate the relation-
inertial frequency. ship between SST and vertical velocities, which shows a
sharp transition at the depth of 48 m. The vertical veloc-
ity increases fromZx104m s to 7.5x10*m s, and
Waves with alternating upwelling and downwelling cellSST decreases from 285 to 22.5C, when the typhoon
are left behind Typhoon Megi (2010) both in the SCS arehters into the SCS. By comparison, the vertical velocity at
NWP. The moving speed of Typhoon Megi (2010) does nd8 m increases from.@x 10% m s! to 50x 104 m s,
exceed 2.8 m¥ in the SCS, while it reaches 7 m'sin the and SST decreases from°29to 27.7C, when the typhoon
NWP. Geisler (1970) indicated that, for a fast-moving stormpasses over the NWP. Comparisons at other depths yield simi-
the upward motion is located beneath the rear of the stotanresults; the primary éfierence is that the vertical velocities
center. For a slow-moving storm, however, the upward mdecay too rapidly with depth.
tion is mainly located around the storm center. It should be The last comparison involves the vertical velocities and
noted that upwelling (with a maximum 1.5 mmi¥is evi- sigmat at the depth of 25 m. The vertical velocity at 25 m
dent when Typhoon Megi (2010) passes over the SCS, whiolreases from2x 104 m s to 40x10*m s, and the
is consistent with earlier work on the impacts on the uppsigmat increases from 21.5 kg TA to 25 kg n13, when the
ocean of moving typhoons (Shay et al., 1992; Zedler et dlyphoon enters into the SCS. By comparison, the vertical ve-
2002). However, in the NWP, along the Typhoon Megi (201®city at 25 m increases fromdx 10* m st to 30x 107*
track, the upwelling with maximum amplitude (0.9 mm)s ms?, and the sigma-increases from 22 kg mi to 22.5
is located in the region of a quarter wavelength behind tkg m™3, when the typhoon passes over the NWP,

4.5. \Vertical velocity
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5. Conclusion Chang, S. W., and R. A. Anthes, 1979: The mutual responseof th
tropical cyclone and the oceaf. Phys. Oceanogr., 9, 128—

Typhoons moving over an ocean represent an extreme 3¢ ;. 10.117A520-0485(1979)00128: TMROT >
case of air-sea interaction. They are known to generate a 5 .co:2.

vigorous response in the underlying ocean, which can icludchen, X. Y., D. L. Pan, X. Q. He, Y. Bai, and D. F. Wang, 2012:
strong upper-ocean currents, the generation and propagati ~ Upper ocean responses to category 5 typhoon Megi in the
of near-inertial oscillation, and the formation of a coldkea western north PacificActa Oceanologica Snica, 31(1), 51—
beneath the storm. Typhoons over the SCS and NWP ex- 58.
hibit significant diferences in storm track, translation speedchiang, T.-L., C.-R. Wu, and L.-Y. Oey, 2011: Typhoon KakTa
and intensity, which arefiected by the upper-ocean ther-  Anocean’s perfect stornd. Phys. Oceanogr., 41, 221-233.
mal structure. Understanding the typhoon-induced oceanfg®i: Y- K--S. Yun, K-J. Ha, K-Y. Kim, S.-J. Yoon, and J. C.
response may help to improve the prediction of typhoon rain- L. Qhan, 2013: Hects of asymmetric SST dlstnbunpn on
storms and intensity. The present study compares the re- stralght-movmg typhoon Ewiniar (2006) and recurving ty-
. . phoon Maemi (2003)Mon. Wea. Rev., 141, 3950-3967, doi:
sponses to Typhoon Megi (2010) of the SCS and NWP using 10.117VWR-D-12-00207.1.
an ocean model (POM), TMI satellite data, and ARGO floaich, p. c.. J. M. Veneziano, C. W. Fan, M. J. Carron, and W. T.
data. The results can be summarized as follows: Liu, 2000: Response of the south China sea to tropical cy-
Both in the SCS and NWP, the typhoon-induced cold  clone Ernie 1996J. Geophys. Res., 105C6), 13 991—14 009.
wake strongly depends on the typhoon’s intensity and tran®a Silva, A., A. C. Young, and S. Levitus, 199Atlas of Surface
lation speed, and the upper-ocean states, which include the Marine Data1994. NOAA Atlas NESDIS 9, U.S. Department
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