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SUMMARY

CTD and ADOS Observation Part

— The high frequency motion was revealed during the observation for typhoon Nari

in 2007: Mixed layer of about 30m and significant wave height of 15m were
observed, which suggested that Langmuir circulation may paly a role. Research
program was Initiated, since then, for research for vertical motion and related
mixing.

— The vertical motion and mixing during typhoon passage in the East China Sea
(ECS) were examined based upon observation iterms of 5 beam ADCP, CTD
casting, ADOS drifters, using research vessel Eardo. Typhoons Kompasu and Malou
in 2010 passed through the ECS shelf, while typhoons Roke and Kulup affected the
shelf inrectly. There was no typhoon approaching the ECS shelf in 2009.

— CTD data : During 2010 cruise the CTD casting was affected by the indirect
effect of typhoon. The intial buoyancy frequency before typhoon moved to lower
frequency, with deepening of mixed layer, with passage of typhoon Kompasu. The
upper mixed layer thickness of 20 to 30m during early September was deepened to
50m during early October, after the indirect effect by typhoon Roke. The maximum
wind speed during Roke was about 20m/s or less from the direct observation of
wind.

— AQODS drifter observation : The temperature structure of the upper layer was
analysized for understanding of ocean response by typhoon, using the ADOS surface
drifters. With typhoon passage the temperature in the surface layer of the ECS
decreased rapidly due to the strong mixing and heat loss at surface, and the
temperature decrease reaches down to —4C. The thermocline becomes gradually
reinforced after typhoon, but its strength was not recovered back to the state
before typhoon. The influence by typhoon lasted for about 4—5 days. ADOS was

basically deployed for supplementary data with current data.

ADCP Observation and Mixing Part
— Observations in 2010 : Typhoon Kompasu passed through the nearby point of
ADCP mooring station (M1) on 11:30, Sep.01, 2010. Therefore, vertical current

disturbance reaches maximum around the time of 11:00 to 12:00. The maximum

wind speed around M1 point is over 25m/s, and the significant wave heigh is about

9m, with the maximum speed of Stokes drift is about 30cm/s.
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— Observations of high frequency internal gravity wave : Fluctuation motion of
several hundreds of periods, after application of band—pass filter to raw data with 1
s interval data, is prevailing in u and w component, with especially dominating shear
of u component. The dominant period is about 260s of period motion and it appears
internal gravity wave.

— Phase lag difference of W and u was categorized for depth interval ranges. Phase
of vertical velocity W, in stratified interior (SI) layer of z=20m to 52m, leads that
of u by 90°, and W in the upper mixed layer (z=52m—65m) is delayed by 50°.
This reflects the 1st mode feature of internal gravity wave and it seems that
internal gravity wave appears in the lower stratified layer, while corresponding
motion appears in the upper layer. The distorted feature, with 0°—50° phase lag in
the near bottom layer, seems to reflect the friction effect to internal waves. It is
know on the shelf that the controling factor of the mixing in the stratified layer is
small scale of trapped internal waves whose energy is converted into the turbulent
energy, and the present result can be interpreted as a process to explain such a
mixing process.

— Generation mechanism of internal gravity wave during typhoon and propagation of
energy : Many generation mechanisms of the internal gravity were presented.
However, the validation of the mechanism, based upon the observed data, has rarely
verified. Munroe and Sutherland (2008) presented that the turbulent motion in upper
layer generates the internal gravity in the lower stratified layer, and the linear
relation between generated angular frequency and buoyancy frequency exists.

The spectral analysis was carried out for the turbulent feature in the upper mixed
layer and internal wave features in the stratified interior layer. The 3 two—hour
span data (10—12h, 12—14h, 14—16h) on Sep.l, 2010, were analysized. The
internal waves in the inferface layer (z=45m) were generated and strongest energy
of internal gravity wave appears during time span (14—16h). The generated
frequency of internal wave is proven to be linearly related to buoyancy frequency.
It was verified that the internal gravity is decaying within 10 km distance from
generation site and the energy of the internal gravity is originated from the surface
mixed layer.

As a result of LES (Large Eddy Simulation) modeling, the internal wave was
generated at a certain location within model domain, similarly to observations, and it
can be interpreted that the energy of internal wave is transferred from upper mixed
layer. Another possible mechanism that upper energy is transformed to lower layer
is through Langmuir circulation. Since LC exists in the surface mixed layer, the

energy of the internal gravity wave could be transferred from the high frequency



motion in the mixed layer. It is not certain that such a high frequency in the mixed

layer is langmuir circulation.

— High frequency motion in the mixed layer and reverse energy transfer : After
analysis of w velocity in the mixed layer, the dominant period of high frequency
motion in surface mixed layer (z>45m) is about 132s, higher than internal gravity
wave of 260s. Such a motion is expected to be turbulent motion related to the
generation of the internal gravity wave, and such a motion could be Langmuir
circulation. However, analysis of both the wind data and current is necessary from
confirmation. This motion is highest frequency motion to be resolved, during
typhoon event, and it is largest organized motion in the surface mixed layer.

And this suggest that there will be energy transfer between different periods in the
surface layer or lower SI layer. From the sense of physical process the energy
transfer from turbulent motion to internal waves could be interpreted as a reverse
energy cascading. Analysis results are as follows: The wavelet analysis of surface
layer data (36,37 bins) on 14:00—20:00, Sep.01, 2010, shows that there exist
spectral peaks of vertical velocity at 60s and 130s, with relatively large energy.
Fig.3.3.3.7 shows that there is a special peak at 130 s period over various band
with relatively flat energy.

Same energy peak appears in the interface layer (z=45m) and in the layer two
peak periods of 130s and 260s coexist. The wavelet analysis at interface layer
(Fig.3.3.3.8) syggests that energy transfer may occur in the layer. That is, energy
transfer between 130s and 260s, or reverse energy transfer, may be suggested. It
is also explicitly shown in this layer that the 130s period of motion exists and also
the internal wave of 260 period coexists. Fig.3.3.3.8 suggests that such a transfer
occurs. However, there is no connetion between higher and lower frequency motions
in the surface mixed layers (Fig.3.3.3.7). The transfer from surface to lower layers
can be interpreted as reverse energy cascade where turbulent energy of high
frequency is transferred to lower frequency.

Summarizing the analysis results, it was confirmed that the turbulent energy in
mixed layer is transferred to internal wave energy in lower layer, which was
assumed to happen. This process coincide with the results by Munroe and
Sutherland (2008).

Long—term Variability of Typhoon and Basic Study for Elnino Part

— We investigated the characteristics of tropical cyclone genesis using observation

and high—resolution climate model data under a warmer climate state. Results show
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that genesis frequency of tropical cyclones would be increased over the central
Pacific region under a warmer climate, and the reason is a decrease of zonal sea
surface temperature gradient. Genesis of tropical cyclones were parameterized using
large—scale oceanic and atmospheric variables in the Pacific area in order to
validate results of climate models. By using the parameter called genesis potential
index, effects of sea surface temperature distribution were investigated. Results
showed that reduced sea surface temperature was related to increased genesis
potential of tropical cyclones in the central Pacific area. It means that El Nino—like
warming could induce increased genesis of tropical cyclones in the central Pacific
area meanwhile genesis of tropical cyclones could be reduced in the western Pacific
area. The important factors for the increased genesis potential are horizontal
vorticity and relative humidity. the horizontal vorticity is the most sensitive factor

for central Pacific genesis of tropical cyclones.

— We investigated changes in characteristics of El Nino in a changing climate. El
nino has interannual and decadal time scales and have global climatic teleconnections
and the most dominant feature of cyclic climate variability. Understanding of
changes in the frequency of El Nino and its characteristics in a changing climate is
of broad scientific and socioeconomic interest. The canonical El nino has become
less frequent and a new—type El Nino has become more common during the late
twentieth century, in which warm sea surface temperatures in the central Pacific
are flanked rather than in the eastern Pacific. Here we showed that the new—type
El Nino event would occur more frequently under projected global warming scenarios
from the coupled climate models. The change is related to a flattening of the

thermocline in the equatorical Pacific.
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Bla Time series of significant wave height, wind stress, and Stokes

drift at surface at mooring M1. Wind data are from reanalysis data

based upon observed typhoon parameters such as maximum radius

wind speed and minimum pressure Hawaiian Typhoon Warning
Center (JTWC) at M1 site. 4096 data of 1 s interval data were

used for extracting wave parameters. Top plot shows wind

direction. A, b, and c time spans correspond to Fig.B2a,2b,2c,

respectively. Fig.A1.1 except for

Blb

03:59, Oct. 11, 2011 -rrrereeeeeees 132

Density and buoyancy (Brunt Viisild) frequency (a) with

o~ N =0.004 cps(cycle/second) in the stratified layer below

initial 10m thickness SML at mooring site, observed just 6 day
(Aug.26) before typhoon’'s passage, and data (b) on Oct.16, 2010

where density structure shows an enhanced surface mixed layer

pattern

B2a

Band—passed turbulent velocities (9, 10) reveals well structured

high frequency flow, internal waves before passage of the typhoon.

Typhoon passed through M1 around 11:40. The in phase flows

over the thermocline layer develop, and the flow starts to

penetrate into thermocline layer (10—35m below sea surface) at

this stage. Total mean depth below mean sea level is about &87m.
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Expanded picture (left) of green box inFig.B2b and corresponding
schematic view (right) of dominant three eddy motions in surface
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one minute—averaged bandpassed (700—150s) east—west(upper) and

north—south(lower) momentum flux (<#'W'>,<V'W'>) \iomentum
fluxes are calculated from second—order form as it minimizes the
beam separation effects (10,(Gargett and Wells)) at bottom SML
During stronger momentum flux, the internal waves become strong.
When typhoon approaches, internal wave generation toward
north—south direction is active and larger eastwestern momentum
flux prevails due to increased momentum transfer by eddy formation
during whole afternoon Sep.01, as shown in Fig.B2b. Momentum flux

weakens gradually as time passes, finally its magnitude decreases to
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The typhoon track of Kompasu in 2010 with mooring point M1.
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of Fig.B2b, for 4 hours (16:00—20:00, Sep.01, 2010). Mean
current show vertical shear in some period, inducing nonuniform
Doppler shift. (Right) figure is time mean u and v of mean current
in green box region data in left figure, where mean u current in SI
indicates quite weak mean current (1.5cm/s), compared with
4.8cm/s mean current at SML.Dopper shift of angular frequency of
internal gravity wave in Sl is quite small as being about 2.5%,

during green box periOd ................................................................... 140

Figure BS3a (Left) vertical displacement of 3 modes and (Right) horizontal

velocity. The mode analysis was calculated for period =300s,
which is a possible highest—frequency mode. (mode with 250s
becomes unstable and decaying mode). Density data (Fig.B1b(b))
at M1 on Oct.16, 2010 was approximately used for the density
structure just after typhoon since it has a similar enhanced
surface mixed layer as seen in Fig,2b. The 1°' mode explains
mostly the observed current. Largest vertical displacement in the
pycnocline appears at depths of 40m—42m. Upper and lower
strong current contrast in the 1st mode over the pycnocline depth
1s similar to observed current pattern. Rather strong current in
the lower layer also exist. The corresponding wavelength is
106m, with phase speed=0.35m/s, and vertical wave length is
assumed to be a large value of 2000m~3000m, since vertical
motion happens nearly in phase implying that large vertical wave
length exists. Corresponding group velocity (2, (Garrett and

Munk, 1979)) in x—direction for vertical wave lengths of
2000m~3000m is Ce, =0:0006m/s _0.0014m/s and group velocity

in z direction is —0.0014m/s ~—0.0268m /s, where Cerand Ce.are

group velocity in x and z directions, respectively. Then the 1%
mode energy for 1.5 days moves 82m~ 184m horizontally, and

vertically 2.3km~3.5km or several tens of round trips between
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Figure BS3b

Figure BS3c¢

sea bottom and interface between SML and SI. This may imply
that this mode behaves like standing waves or the corresponding
internal wave energy is trapped near the generated site, and the
energy may be used fOr MiXing there s sesseeeeeseessmnemnenieniennnee, 141
Time wvariation of the integrated kinetic energy per unit mass
using band—passed fluctuation data. The integrated kinetic energy
from bottom to 52m was added for each two hour from Sep.01 to
03 for 36 hours. The assumption is that the kinetic energy of
internal gravity wave is uniformly distributed for each two hours
to see the time decay of kinetic energy. The kinetic fluctuation
energy of peak value(14m?/s?) decays down to e—folding value
(5m?/s?) about 1.5 days after peak value appear. A sudden large
value on 20:00—24:00, Sep.02, when rather active internal wave
occurs and decay rapidly as seen in Fig.BS3c, is probably due to
sudden forcing disturbance from wind. During the time period
subtle wind fluctuation seems to exist in Fig.Bla. Therefore, this
signal 1s assumed not to influence the decaying trend. The dotted
trend line is plotted considering time decaying trend, and two
filled circles on dotted line shows time indication to yield 14 and
55m2/52 ............................................................................................ 142
Band—passed turbulent velocities reveals intermittant structured
high frequency flow for 20:00—22:00, Sep.02, 2010. High
frequency internal waves with stronger velocity appear at first
half period as an event character, during this time wind stress is
from 0.1-0.2 N/m? and wind direction changes abruptly. The wind
changes from toward the north (90°) to northwestward. Degree

here denotes wind direction cyclonically from eastee-eeeseersecseecee 143
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3 g5 ord HFIFH, ool ik 2 Fol ‘JrE}‘Jr

2359 A 7 sk= ?ﬁ_ A} o Li et al. (1995, Science) ¥HFAQl 7= (5-10m/s) 2]
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U component
Degth{m)

V compongnt

V component

U component
Depthim)

Depthim)

2007 08.31 2007.03.05
1500 15:00

2007.03.10 2007 .03.15 Z007.02.20
15:00 15:00 15:00

Degtn)

2007 0231 2007.029.05 2007.02.10 2007 .09.15 2007.09.20 2007 .09.25
1500 15:00 15:00 1500 1500 15:00
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LETTERS

El Nifo in a changing climate

Sang-Wook Yeh', Jong-Seong Kug’, Boris Dewitte’, Min-Ho Kwon®, Ben P. Kirtman* & Fei-Fei Jin®

ElNifo events, characterized by anomalous warming in the eastern
equatorial Pacific Ocean, have global climatic teleconnections
and are the most dominant feature of cyclic climate variability on
subdecadal tirnescales. Understanding changes in the frequency or
characteristics of El Nifio events in a changing clirnate is therefore
of broad scientific and socioeconomic interest. Recent studies'™
show that the canonical El Nifio has become less frequent and that
a different kind of Fl Nifio has become more common during the
late twentieth century, in which warm sea surface terperatures
(S85Ts) in the central Pacific are flanked on the east and west by
cooler S8Ts. This type of El Nifio, termed the central Pacific El Nifio
(CP-El Nifio; also termed the dateline El Nifio?, El Nifio Modoki® or
warm pool El Nifio®), differs from the canonical eastern Pacific El
Niiio (EP-El Nifio) in both the location of maximum SST anomalies
and tropical-midlatitude teleconnections. Here we show changes
in the ratio of CP-El Nifio to EP-Fl Nifio under projected global
warming scenarios from the Coupled Model Intercomparison
Project phase 3 multi-model data set®. Using calculations based
on historical El Nifio indices, we find that projections of anthro-
pogenic climate change are associated with an increased frequency
of the CP-El Nifio compared to the EP-El Nifio. When restricted
to the six climate models with the best representation of the
twentieth-century ratio of CP-El Nifio to EP-El Nifio, the occur-
rence ratio of CP-El Nifio/EP-El Nifio is projected to increase as
much as five times under global warming. The change is related to a
flattening of the thermocline in the equatorial Pacific.

El Nifio statistics exhibits variations on decadal timescales”™ ™. For
instance, the properties of El Nifio exhibited frequency and amplitude
changes before and after the late 1970s'°. During the late 1990s and
2000s, on the other hand, E] Nifio events show different characteristics
in terms of location of maximum anomalous SST compared to the
conventional El Nifio'™. For instance, a prolonged El Nifio event
during the period of 1990-1994, showed that, in the conventional El
Nifio region (the far eastern Pacific), the 88T anomaly has waxed and
waned, while the SST anomaly in the NINO4 region (160° E-150° W,
5°N-5°§) remained positive’. Other recent studies also argued that
there exists a phenomenon in the tropical Pacific that is distinctly
different from the canonical El Nifio"'—this variation'? of El Nifio
has a ‘horseshoe’ spatial pattern, flanked by a colder SST on both sides
along the Equator’™. These studies led to various definitions of a new
type of E1Nifio: the dateline FI Nifio? the El Nifio Modoki?, the central
Pacific El Nifio* and the warm pool El Nifio®. The E1Nifio Modoki was
named to represent the phenomenon in 2004 that had a maximum
SST anomaly in the central tropical Pacific, differing from the con-
ventional El Nifio®. In addition, such modification in the structure of
El Nino has implications for its teleconnection pattern in many
countries surrounding the Pacific Ocean®'**. These observations
raise the question of whether human-induced global warming'® can
modify our conventional view of El Nifio.

We use the historical El Nino indices (the NINO3 SST index and
the NINO4 S§5T index) and the Extended Reconstruction SST data
for 18542007 to distinguish two variations of El Nino during the
boreal winter (December-January-February, DJF). We term these the
eastern Pacific El Nifio (EP-El Nifio) and the central Pacific El Nifie
(CP-El Nifio). These terms have previously been used but with dif-
ferent definitions®. Here the terms EP-El Nifio and CP-Fl Nifio refer
to the years in which the EP-El Nifio and the CP-El Nifio occurred
during winter. Since the 1850s (Supplementary Table 1) the EP-El
Nino occurred 32 times and the CP-El Nifio occurred 7 times.

a  EP-FL Nifio
20° N

10° N

EQ

20° S
1200 E 150° E

120°0W
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Figure 1| Deviations of mean SST for the two characteristics of El Nifio
from the 1854-2006 climatology. a, The EP-El Nifio; b, the CP-El Nifio.
The contour interval is 0.2 °C and shading denotes a statistical confidence at
95% confidence level based on a Student’s #-test. €, The zonal structure for
the composite EP-El Nifo (thin line) and CP-El Nihe (thick line) averaged
over 2°N to 2°S.

'Climate Change and Coastal Disaster Research Department, Korea Ocean Research and Development Insfitute, 426-744, Ansan, Korea. “Laberatoire d'Efude en Geophysique et
Oceanographie Spatiale, 14 avenue Edouard Belin, 31400, Toulouse, France. *Department of Meteorology, School of Ocean and Earth Science and Technology, University of Hawail,
1680 East-West Road, Honolulu, 96822, Hawaii, USA. *University of Miami, Rosensfiel School of Marine and Atmospheric Science, 4600 Rickenbacker Causewray, Miami, Florida,

33149, USA.
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Although the number of CP-El Nifio events is relatively small, its
frequency increased noticeably after 1990. For the period of 1854—
2007, the occurrence ratio of the EP-El Nifio before and after 1990 is
0.19 per year and 0.29 per year, respectively, whereas that of the CP-El
Nifio before and after 1990 is 0.01 per year and 0.29 per year, respec-
tively. Simply put, this result indicates that anomalous warm SSTs in
the central equatorial Pacific (that is, CP-El Nifio) has been observed
more frequently during recent decades”. This result is detectable even
if the data are detrended (Supplementary Table 1) and taken from
two additional 38T data sets (Supplementary Table 3). A profound
change in the characteristics of El Nifio in recent years is also detect-
able in an 11-year window sliding correlation coefficients between
the two NINO indices (Supplementary Fig. 1).

Figure la and b displays the deviation of mean 88T for the EP-El
Nifio and the CP-El Nifio from the climatological mean SST (1854—
2006). As expected, the EP-El Nifio (Fig. la) is characterized by
maximum anomalous 8T in the eastern equatorial Pacific; on the
other hand, the centre of maximum SST in the CP-El Nifno (Fig. 1b) is
located near the dateline in the central equatorial Pacific. The SST
composite in Fig. 1b is similar to the previously defined new type of E1
Nifio®* in spite of an extension of the analysed period and the use of
the simple definition of the historical El Nifio indices. Figure lc
cleatly indicates that the centre of maximum SST of the CP-El
Nifio is significantly shifted to the west compared to that of the
EP-El Nifio. The details of the new type of El Nifio suggested by
previous studies'™ differ slightly from those of the CP-El Nifio
described here but the overall characteristics are similar.

Thelarge difference of anomalous mean SST between the two types
of El Nifio results in changes in the total SST pattern in the tropical
Pacific (not shown here), which determines the atmosphetic res-
ponse'. Figure 2a and b displays the composite rainfall corresponding
to the EP-Hl Nifio and the CP-El Nifio. For the EP-El Nino (Fig. 2a),
the centre of maximum anomalous rainfall is observed around the
dateline; for the CP-El Nifio (Fig. 2b) it is shifted westward to around

a EP-EL Nifio

Rainfall

PN
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165°E. It is clear that anomalous rainfall is largely enhanced in the
central and eastern equatorial Pacific and reduced in the western
equatorial Pacific during the EP-El Nifio compared to the CP-El
Nifio. Changes in the atmospheric diabatic forcing over the tropics
have the potential to modify the tropical-midlatitude teleconnections
to the El Nifio'™'®. Therefore, we would expect the midlatitude res-
ponse to the EP-El Nifio to differ from that of the CP-ElNifio, and this
has been shown to be true during the last 30 years'®. This is evident
from the patterns for anomalous mean atmospheric circulation at
500hPa in the northern extratropics even over the extended period
studied here (Fig. 2¢ and d) and anomalous mean SST and low-level
winds (925 hPa} in the North Pacific (Fig. 2¢ and {) associated with
both types of E1 Nifio. The most striking difference in the teleconnec-
tion pattern between the two types of El Nifio is in the position of the
principal atmospheric centres of action in the extratropics (Fig. 2¢
and d). In addition, the anomalous North Pacific 85T in response to
the EP-El Nifio and the CP-El Niflo is also significantly different
(Fig. 2e and f). The spatial manifestation ofanomalous SST associated
with the EP-El Nifio (Fig. 2e} is characterized by cool temperatures in
the central North Pacific with an elliptical shape and is accompanied
by SST anomalies of the opposite sign to the east, north and south. In
contrast to the EP-El Nifio, anomalous easterly winds dominate over
the central and eastern North Pacific, which may induce anomalous
warm SSTs (Fig. 2f). The low-level winds during both types of El
Nifio are reasonably consistent with the wind—SST interactions in
the midlatitudes'.

Because El Nifio and its teleconnections have dramatic societal
impacts, such results call for an examination of the El Nifio as simu-
lated by the climate models under climate change projections. Here,
we examine eleven coupled general circulation models (CGCMs):
eleven control runs and eleven climate change runs (Supplementary
Table 4). The control run is the twentieth-century dimate change
model simulation to year 2000 with anthropogenic and natural
forcing (that is, 20C3M). The climate change run corresponds to

CP-EL Nifio

10° 8 =
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Figure 2 | Deviations for the two characteristics of El Nifio from their
climatology. a, b, The deviation of mean rainfall for the EP-El Nifo (a) and
the CP-El Nino (b). The contour interval is 1 mm per day. ¢, d, Mean
geopotential height at 500 hPa. The contour interval is 5 m. e, f, Mean winds
at 925 hPa (arrows, see scale arrow below) and mean 55T (line). The solid

512
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2
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(dotted) line denotes positive (negative) deviations from the mean. The
contour interval is 0.1 °C. Shading in all panels indicates the region exceeding
95% significance based on a t-test and the zeroline is denoted by the thick line.
The dimatology periods are 1979-2006 (for rainfall), 1950-2006 (for
geopotential height and winds) and 1854-2006 (for SST), respectively.
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the Special Report for Emission Scenario AlB climate change projec-
tion (that is, SRESA1B). Here, ‘20C3M run’ refers to data from the
100-years simulation period for the 20C3M run. The term *SRESAIB
run’ refers to the last 100 years of the SRESALB run, in which the
concentration of CO, is fixed to about 700 p.p.m. We show the
ensemble mean composite of the EP-El Nifio and the CP-El Nifio in
the 20C3M run and the SRESA1B run, respectively (Supplementary
Figs 2 and 3).

Figure 3 displays the occurrence ratio of the CP-El Nifio and EP-El
Nifio between the control run and the SRESA1B run. Despite the fact
that there are discrepancies among CGCMs, it is remarkable that, in
eight of 11 models, the occurrence ratio of the CP-El Nifio versus the
EP-El Nifio increases from the 20C3M run to the SRESAIB run. The
ensemble mean result for the eleven CGCMs is statistically significant
at the 95% confidence level based on the bootstrap method.
Furthermore, we test whether the ratio change in each CGCM is sig-
nificant. The ratio of CP-El Nifio to EP-El Nifio significantly increases
in four of 11 CGCMs at the 95% confidence level, and no other
CGCMs show a significant decrease of the occurrence ratio of CP-El
Nifio to EP-El Nifio. Statistical evidence for the increase of CP-El Nifio
under global warming becomes much stronger when we select the six
CGCMs that most realistically capture the occurrence ratio of CP-El
Nifio to EP-El Nifio in the 20C3M run compared to observations (see
Supplementaty Information). Thus, climate change projections indi-
cate that the CP-El Nifio occurs more frequently compared to the EP-
El Nifio. We also show how the SST variability changes from the
20C3M run to the SRESA1B run in the UKMO-HadCM3 model
(Supplementary Fig. 4). We may hypothesize that more frequent
CP-H Nifo occurrence during recent decades is associated with an
anthropogenic climate change. Such changes in E1Nifio characteristics
in future climate are significant enough to meodify the tropics—
extratropics teleconnection pattern (Supplementary Fig. 5) despite
the ability of current models realistically to simulate teleconnections.
Furthermore, we expect that such frequent CP-El Nifio ocourrence
under global warming could lead to more effective forcing of drought
over India®**° and Australia®.

Because El Nifio dynamics is tightly linked to equatorial ocean
mean state’, we argue that such frequent CP-El Nifio occurrence is
associated with change in the background state under anthropogenic

_m 20C3M = SRESAIB

o

no

it
3

e
N

s

log [CP El Nifio/EP El Nifie occurrence ratio]

Figure 3 | The CP-El Nifio/EP-El Nifio occurrence ratio. Red bars, the
20C3M rum; blue bars, the SRESA1B run. The vertical error bars denote the
upper and lower limits associated with an increase and decrease of the CP-El
Nino/EP-El Nifio occurrence ratio at the 95% confidence level in the 20C3M
run, respectively, based on a bootstrap method. Therefore, there is a
significant increase (decrease) of the ratio of the CP-El Nifio to the EP-El
Nino from the 20C3M run to the SRESA1B run when the blue bar is above
(below) the upper (lower) limit of the vertical segment, The y-axis scaleis a
commeon logarithmic scale.
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Figure 4 | The ensemble mean thermocline depth. The red line denotes the
20C3M ensemble and the blue line denotes the SRESA1B run in the nine
CGCMs: theCGCM3.1(T47), the CNRM-CM3, the GFDL-CM2..0, the
GFDL-CM2.1, the FGOALS-g1.0, the MIROC3.2(medres), the MRI-
CGCM2.3.2, the PCM and the UKMO-HadCM3. In both runs, the
thermocline depth is defined as the depth of the isotherm of the averaged
value of temperatures where the vertical gradient of temperature is a
maximum along the Equator. The blue data points indicate that the change
in the mean thermocline depth from the 20C3M run to the SRESAIB run is
significant at the 5% confidence level, based on a #-test.

global warming, in particular change in the thermocline structure in
the equatorial Pacific. Figure 4 displays the change in mean
thermocline depth from the contrel run to the SRESA1B run. The
mean thermocline has risen under global warming in the western-
central Pacific, whereas it is slightly deeper in the far eastern Pacific.
This results in an overall flattening of the equatorial mean thermo-
cline, which is consistent with a weakened atmospheric Walker cir-
culation and trade winds under global warming® and even changes in
the thermodine depth during recent decades®. In other words, the
SST warms as a result of thermal forcing, which leads to weaker
easterlies and enhanced poleward Sverdrup transport and hence a
shoaling of the thermocline depth. How might this affect the stability
of the CP-El Nifio?

We can understand this destabilizing process in terms of the two
important feedback processes associated with El Niflo dynamics, that
is, thermocline feedback versus zonal advective feedback. Although
the trade winds reduce under global warming, this reduces upwelling
and thus the thermocline feedback. In contrast, a shallower thermo-
cline in the central Pacific, as in the SRESA1B run, tends to enhance
the S5T anomaly induced by vertical advection there (because iso-
therm vertical displacements within the thermocline depth can more
easily influence the SS8T). In addition, such a shallowing thermocline
tends to dominate the zonal advective feedback in the central Pacific,
which may promote a more intense CP-El Nifio>**#. Overall, the
change in thermocline structure from the 20CM3 run to the
SRESA1B run is consistent with the increased variability of the SST
anomaly in the central Pacific. This physical consistency fits with the
result reported here: the probable increased occurrence of the CP-EL
Nifio under global warming.

METHODS SUMMARY

The two kinds of El Nine were diagnosed from observations and eleven models
of the Program for Climate Model Diagnosis and Intercomparison (PCMDI).
We propose a classification based on the historical NINO3 and NINO4 SST
indices during winter and inferred from composite analyses te distinguish the
CP-Fl Nifio frem the EP-El Nifio. Applied to the simulation for the present
(20C3M) and for the future (SRESA1B), we derived a projection of the occur-
rence ratio of CP-Fl Nifio to EP-El Nifio. See the Supplementary Infoermation.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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Discovery of rapidly generating high—frequency internal waves after storm

Even though the internal waves are one of key physical processes in physical
oceanography, the observational evidence of internal gravity waves due to strong wind
forcing was rarely reported. Observations reveal that under storm wind the energetic
internal gravity waves, with nearly Brunt Viisilid frequency, are driven to be generated
by eddy motions occupying the whole surface deepened mixed layer after storm,
prevailingoverl —2daysinthestratifiedinterior. Thishigh—frequencyinternalgravitywaveswith
storm wind, especially in shelf seas, may contribute to the direct mixing in the
stratified interior through decaying near the generated region due to its standing
wave—like feature. The large vertical particle velocities existing over the enhanced
surface mixed layer and stratified interior may contribute to biological variability in
surface mixed layer, after strong storm.

It is well examined that the earth’s meridional overturning circulation (MOC)

requires of the order of 2 TW(1 Tw=1x10" W) of power to warm the abyssal
waters, as remarked (1(Munk and Wunsch, DSR, 1998). The essential process is
thought to be the breaking of internal gravity waves to activate this turbulence or
internal waves are the most likely cause of this mixing through sporadic instabilities
and turbulence (2(Garrett and Munk, 1979), where the major sources of this energy
are from the combined effect of the winds and the tides (3(Egbert and Ray, nature,
2000), 4(Alford, 2003, nature)). Contribution of internal tide is made first in the
analysis of surface manifestation by internal tide generated over Hawaiian ridge
(5(Ray and Mitchum, 1996, GRL)) and the global internal tide energy of about 1TW
is estimated through the satellite data analysis (2(Egbert)). Simulations using a
two—layer model show that such a surface manifestation can occur over the
thousands of km due to long—range propagation of the internal tides generated at
the Hawaiian ridge (6 (Kang et al., 2000, JPO)). By far the most energetic internal
waves by wind (4(Alford)) are thought to be near—inertial waves, with frequencies

ofa)zf,wherefis local inertial frequency. As the redistribution of energy
available for ocean mixing by long—range propagation of internal waves (4(Alford))
was examined mainly both for internal tides and near—inertial waves, mainly
contribution by long period internal waves are of great interest in mixing.

Even though quantifying the transfer of mass and momentum by internal waves,
and their role in mixing processes in the ocean, is one of the central tasks of
physical oceanography (2, (Garrett and Munk, 1979)), there is little observational
support for the detailed structures of internal waves, especially high frequency
internal gravity waves near the buoyancy frequency, in relation to contribution to
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mixing in the generation area by hurricane or strong wind, on open sea. The

high—frequency ( @ = N BruntViisila frequency) internal gravity waves by strong
wind deserves a more attention in relation to its possible contribution to the direct
mixing effect below the surface mixed layer at forced or neighboring sites (7(Polton
et al., GRL, 2008)). Here we present the direct three—dimensional observations of
rapidly —generated internal gravity waves for 1—2 days just after the passage of
strong storm (typhoon).

In spite of critically important physical process of the high—frequency internal
gravity waves by typhoon or strong sudden wind, there is little observational
evidence to convince how and through which process the internal waves are
generated and propagate over the full water column under the mixed layer. Present

observation at open shelf sea supports that the internal gravity with @= N
isgeneratedforl —2daysaftersuddenstrongwindortyphoon,propagatingintothestratifiedinter
ior.

A five—beam turbulence VADCP (vertical beam acoustic Dopper current profiler),
deployed on nearly flat bottom of 87m depth in the East China Sea off the Korean
peninsula, recorded the three dimensional velocity profiles with nearly every second
from 26 August to 25 September 2010. During the mooring period one strong
typhoon (Kompasu) has passed through the left side of the mooring site (M1) on
September 1, as shown in Fig.BS1. The surface waves was also measured with four
beams, with reanalysis wind field available at M1, based upon the typhoon's
parameters released by Joint Typhoon Warning Center. The significant wave height
and corresponding surface stokes drift (8, 9) with wind stress and direction for
interested period of Aug. 31 to Sep. 03, 2010 are presented in Fig.Bla. Maximum
significant wave height reaches nearly 8 m, with stokes drift at sea surface being
nearly 0.3m/s. The density structure was obtained at M1 6 days before typhoon
arrives (Aug.26, 2010) and Brunt Viisild frequency shows large fluctuation in the
thermocline layer (Fig.Blb). The initial surface mixed layer is 10m thick, with
pycnocline depth from 10m to 35m depth.

The current were measured over the full depth with 2 m bin and the
corresponding fluctuation velocities are extracted from larger velocities associated
with surface waves through necessary filtering processes (10(Gargett et al. 2004),
11(Gargett and Wells), 12(low—pass filtering) ) and less strong tidal current (13,
Kang et al., 1998) at the site. The low—pass filtered fluctuation velocities just after
typhoon Kompasu indicates rather well structured fluctuation velocity features in
high frequency range with several hundreds of second periods, where abrupt change
of horizontal velocity field is obvious in u component at nearly 40m depth from
surface. In order to clearly view the high—frequency fluctuation motion with several
hundreds of periods the additionally band—pass filterd turbulent velocities are
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extracted by applying Butterworth filter (14(bandpassed filtering) )), as shown in
Fig.B2. The possible error of vertical velocity (15) is also reasonably small as
being less than 10%. Based upon approximate analysis of density structure to be
examined in details later, it is expected that the 1° internal wave mode’s horizontal
length scale with apparent period of 300s, as to be shown in Fig.BS2, 1s about
100m. So we can accurately estimate the horizontal velocity structures, even with
250s period, in the surface mixed layer and stratified interior, since the current
scales is expected to be much larger than beam separations with 20—25m at
surface mixed layer and stratified interior. The difference between apparent and real
periods is smaller as about 2.5%.

There are characteristic stages of turbulent flows according to the storm
passage, and let’s classify as three stages as follows. a) wind sharply increasing
stage just 2—3 hours before typhoon reaches to mooring site, b) actively internal
gravity wave generation stage for about 1—2 days after passing mooring site, c¢)
internal gravity wave disappearing stage with negligible Stokes drift velocity and
weak wave height (a), b), ¢) in Fig.Bla). The fluctuation velocities at each stage
are shown in Figs.2a, b, ¢, and d, respectively. The turbulent velocities are given
in geographic coordinates.

First, initially surface mixed layer was about 10m thick with pycnocline
(thermocline)  layer  occupying  successive  20—30m  (Fig.Blb(a)). The
shear—dominating stage corresponds to when Kompasu is nearing to M1 (06h—10h,
Sep.01) when wind stress largely increases (top view of Fig.B2a). Initial or
seasonal surface mixed layer is about 10m (Fig.Bl1b) and getting gradually
increasing. This stage coincides with increasing significant wave height to 8m and

wind stress to maximum of 2.0 N/m2 ,with surface stokes drift increasing to
0.3m/s (a region of Fig.Bla). The band—passed fluctuation flow (Fig.B2a) in initial
surface mixed layer was very weak initially, and getting intensified, and the high
frequency motion becomes dominant during this stage, with stronger periodic u, v,
and w velocities confined in the increasing surface mixed layer, as time goes on.
During this phase each turbulent wvelocity components hows generally the same
phase from surface to lowering layer.

The second stage lasts about 1—2 days after typhoon Kompasu, and turbulent
velocities with several hundreds of period are clearly dominated. The potential
candidates for this high frequency motion may be all rotational motions including the
wind—aligned Langmuir vortex. The band—passed fluctuation flow for this stage is
presented in Fig.B2b, where the fluctuation flow prevails over the whole water
column in u (cross—wind) velocity in geographical coordinates, with larger speeds in
central depth for w, and very weak flow prevails in v (along wind velocity). The
sharp gradient of horizontal u velocity at about 52m from bottom is remarkably
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dominant between SML and SI. This discontinuity indicates that the water column
after typhoon is divided into surface mixed layer (SML) down to about 35m from
surface and stratified interior (SI). Interestingly the current phase across the
interface is out of phase between SML and SI in the turbulent cross—wind
component, while the phases of vertical velocity in SML are generally in phase with
that of SI velocity, as similarly to the initial phase in Fig.BZ2a. The eddy motions In
x—z section appear to exist in SML and internal wave pattern in SI appear clearly
from the regular positive and negative u and w pattern, at least.

Due to Doppler effect the frequency of an internal motion in SI and eddy motion
in SML are shifted by an amount proportional to the mean current times the wave
number. The fluctuation u and v in Fig.B2b and 700s mean current of turbulent
currents obtained after low—passed filtering of wave—induced motion are presented
in Fig.BS2. For the green box period of Fig.B2b the mean u current in SML
amounts to quite a weak value (1.5cm/s) in SI, compared with 4.8cm/s mean
current at SML (right figure of Fig.BS2). Then, the frequency shift of the internal
gravity waves 1s quite small as being changed by about 2.5% for this period
corresponding to box region.

In order to examine the detailed structure of turbulent flows in Fig.B2b the
enlarged picture for box region in Fig.B2b are presented in left figure of Fig.B2c,
where +, —, + u component at lower SML are shown, while +, —, and + vertical
velocities with 90 phase lag against u component appear. Considering the velocity
pattern of w and cross—wind component, vertical velocity in lower SML appears in
phase with vertical velocity in SI and upper cross—wind component varies from
negative to positive values, while cross—wind component in SI varies from positive
to negative values. This pattern corresponds to divergence in lower SML and
convergence in upper SI. The corresponding x—z velocity with initial and
after—typhoon (expected) density profiles is schematized in right figure of Fig.B2c.
The three successive large scale eddies occupying the whole SML appear clearly to
exist in schematic picture, even though none close of circles exists in thin surface
water column. The upward vertical flow appears across the SML and SI in the first
divergence pattern between 1% and 2™ eddies in lower SML, with the continuously
accompany ingvertical velocity in the SI. The vertical velocity appears over layers
across interface between SML and SI. Next the downward vertical flow between 2™
and 3" eddies in SML appears in the convergence region, with the downward
vertical velocity accompanying continuous flow through the SI.

It will be interesting how this active eddy motions in SML is driven and what is
the forcing. The existing eddy motion in SML may be first suggested in association
with Langmuir Circulation (LC) under wind and wave forcing, as also shown in
numerical modeling (7(Polton et al.), 16(Chini and Leibovich)). The LC motion was
well documented in shallow homogeneous water by wave and wind forcing
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(10(Gargett et al., 2004)). It is usually not easy to confirm under typhoon wind if
the turbulent motion in the surface mixed layer is induced by LC motion, since the
wind keeps rotating the direction at given mooring site (Fig.Bla) and several high
frequency motions are involved. However, during nearly 10 hours (12h—20h)
(Fig.Bla) just after typhoon’s passage, wind blows toward north within 15°
deviation (76.3°—102.7°) and wind blows nearly northeastward during 4 hours (16h
—20h)(b period of Fig.Bla) within 2° deviation. This is favorable condition when
Langmuir Circulation could be formed in the SML. Also the observation indicates
that variance of filtered cross—wind velocity is more or less similar to that of
vertical velocity, as seen from magnitude of w and u(cross—wind) component, and
eddy motion prevails in cross—wind direction. However, previous detailed
observations (10(Gargett et al., 2004), 11(Gargett and Wells)) described several
features of LC where one essential feature of LC is the existence of strong
downwind flow near the bottom (near SML bottom here). Such a feature doesn’t
exist in present observation in the near SML boundary. Therefore, it’s unlikely that
large Langmuir cells exist. As other candidate for forcing process the vertical
motion in SML can be derived by the unstable convection since surface cooling
usually occurs due to heat loss from the surface layer through heat transfer to
typhoons. The surface cooling to derive vertical motion can be also driven by wind
shear—driven mixing between surface and deeper cold waters. Even though LC is
known to contribute to deepening of surface mixed layer (17, Li et al.(1995))
under weakly stratified condition, present energetic eddies occupying the whole
surface mixed layer may contribute to more active role in mixing which needs to be
examined through further works.

During the third stage (box C period of Fig.Bla) the turbulent velocities lose its
energy gradually from the SML, and the turbulent motion shows weaker speed into
negligible energy level. Fig.B2d shows the decaying turbulent flow stage for the 4
hour between 00h—04h, Sep. 03. It is just about 1—2 days after the passage of
storm. This stage 1s about half day after the near—inertial wave, with inertial period

T60=f ~24h at the M1 starts to be generated.

Internal motions in the SI deserve a much attention. Now we turn to the
observational evidence of three dimensional internal gravity wave and its generation
mechanism under eddy motion of the surface mixed layer (7(Polton et al., GRL),
18(Wuesekera and Dillon, JGR,1991)). The fluctuation motions in the stratified
interior (SI) in Fig.B2b and 2c¢ are obviously related to internal wave motion, since
the frequency of oscillating motion corresponds to the mean buoyancy (Brunt
Viisidld) frequency of stratified water below 10m, with @= N =0.004 cps(cycle/s)

or period ® 250 s, as seen from the density profile (Fig.Blb(a)). Figures 2 band 2
cindicate that the down ward or upward motion in accompany with eddy motion in
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SML continues to prevail across the homogeneous mixed layer (SML) and stratified
interior (SI). The negative (westward) cross—wind component in upper SI below 1%
and 3™ eddies in SML appears to coexist with lower positive cross—wind
componentin the 1% and 3rd eddies in SML. Meanwhile the positive (eastward)
cross—wind component in upperSI below the 2nd eddy in SML appears to coexist
with lower negative cross—wind component in the 2nd eddy in SML. Eddy motions
in SML are seen to derive in ternal gravity motion in the stratified interior, since
eddy—induced up and down velocity in SML and continuous vertical flows in SI may
play a role as a generating perturbation forcing of internal gravity wave motionin SI.
The active generation of internal wave in SI is mainly cross—wind (east—west)
direction, since the high and low pressure gradient accompanied by vertical motion
of eddies in SML induces vertical disturbance in the bottom SML, deriving the
internal waves due to pressure gradient in the SI (1).

Further from the dynamical point of view the stronger horizontal (u or v)
turbulent flow at bottom SML is expected to work to generate the turbulent flows
in the SI or a result of perturbation at the base of the mixed layer (7(Polton et
al), 16(Chini and Leibovich), 18( and Dillon)). To view this forcing process in
bottom SML the turbulent momentum fluxes at the bottom SML are presented in
Fig.B3. Momentum fluxes are calculated from second—order form as it minimizes
the beam separation effects (11, (Gargett and Wells). Northward component of
momentum flux shows a strong peak when storm is nearing to MI1. During this
stage turbulent velocity actively develops in the surface mixed layer, with increasing
wind stress and relatively dominant north—south wind forcing, and penetrates into
the thermocline layer, as seen in Fig.BZ2a. The large momentum flux appears in
east—west direction for several hours during 16:00—20:00, with prevailing nearly
northward wind (Fig.Bla). This large momentum flux results mainly from the
increased momentum transfer by eddy formation during the whole afternoon Sep.01.
And this may activate the strong generation of internal wave in the east—west
direction. This explains the dominancy of internal gravity waves in cross—wind
direction (Fig.B 2b) for this period (b period in Fig.Bla). That is, active internal
gravity wave happens in the period when pre—formed increased mixed layer by the
rotating storm wind exists and nearly uniform wind prevails to develop active large
eddy motions occupying the whole surface mixed layer. The existence of large
eddies in the SML is surely the driving force to generate strong internal gravity
wave which penetrates into SI, trapped there. As a modeling work in relation to
similar phenomenon high—frequency internal wave generation with interaction of LC
under simple wind and wave condition was carried out to show the generation of
the internal gravity wave through LES modeling
(7).However,theirsimulationoutputdidn’tshowtheclearlargeeddiesoccupyingthewhole SML,
suchasweobserved.
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This eddy motion and internal gravity waves may deserve a special attention
from biological variability in SML. The large vertical particle velocities existing over
the enhanced surface mixed layer and stratified interior may contribute to biological
variability in surface mixed layer, through active exchange of waters between SML
and SI, after strong storm.

Wave kinematics for internal gravity wave needs to be examined to have insight
into time decaying, since it is likely that these high—frequency internal gravity
waves may contribute to mixing in the stratified interior. The frequency of the
observed internal waves is about 0.004 cps (or period of 250 s), corresponding to
nearly mean buoyancy frequency in the initial stratified water (Fig.Blb(a)) on shelf.
Then the group velocity of the internal waves is nearly toward vertical direction,
with wave vector being parallel to x—y plane, and the ellipse of particle velocity
leading to an up—and—down motion at N (2 (Garrett and Munk, 1979)). Based upon
CTD data (Fig.Blb(b)) at the site the possible 1%"mode(Fig.BS3a)for300speriod,
which is a possible highest—frequency mode. This 1° mode explains mostly the
observed current shear pattern across SML and SI. However, it is unlikely that the
energetic internal wave in SI can be explained by this mode analysis, probably due
to non—hydrostatic feature by large vertical velocity. Then we explore how these
energetic internal waves behave in the SI. The mode analysis yields the wave
length of about 106m, and corresponding horizontal (x) and vertical (z) group

velocities of ( Ce, =0:0014m/s _0.0006m/ s G, = —0.0268m/s _ _0.0179m/s ),

under the assumption that vertical wave length is much larger (2000m~3000m) than
horizontal scale, since vertical particle flows over the SML and SI occur in nearly
same phase. Since the existence of small group velocity toward vertical z direction,
along with quite a small horizontal group velocity, implies the energy of internal
waves in 1.5 days (e—folding time decay scale in Fig.B 3Sb) donotgofar,
forinstance, 184m~82m horizontally or about one horizontal wave length scale,
vertically 3.5km~2.5km, with repeatedly bouncing back over the bottom and the
interface between SML and SI. Other 1% modes with neighboring slightly longer
periods show similar trends. This suggests that the wave modes (or gravity internal
gravity waves), with near or slightly longer periods, behave like nearly standing
waves, since energy does not go far away. Then this implies that the energy of
internal gravity wave would decay near the generationsite, and the decaying energy
may be used for mixing. In order to roughly estimate the net kinetic energy
transfer to mixing, in the stratified interior by passage of a cyclone, the time decay
of kinetic energy of fluctuation motions in the stratified interior was calculated. The
time variation of the integrated kinetic energy for each two hour (band—passed)
data has been presented in Fig.BS3b for 3days since Sep.01,2010, under the
assumption that the kinetic energy over cycle change gradually for each two hours.
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The kinetic fluctuation energy of near peakvalue (14m?/s?), from 16:00—18:00,
Sep.01, decays down to e folding value (5m2/s?) in about 1.5 days after. This
indicates that the internal gravity energy decays near the generation place in
several days, to drive mixing in stratified interior. The standing wave features
deserve a special attention since the feature can explain the trapping of internal
gravity wave energy near the generation region and it may be a key physical
process to intensify mixing during typhoon/hurricane season in the shelf seas. This
kind of physical process of standing wave feature will be especially interesting,
since the process may play a critical role even in increasing biological diversity
through enhanced exchange of waters between SML and SI layers, after storm.

In summary the existence of these high—frequency internal gravity waves
inevitably leads to the consideration both about mixing and the turbulent
parameterizations of hurricane and/or climate models. First, this kind of
high—frequency internal waves may significantly contribute to mixing in the
transient thermocline and stratified interior (7(Polton, 2008)) also under strong
storm. Usually the typhoons/hurricanes are generated and propagate along the
western Pacific and Atlantic Ocean, and it is highly likely that there can be an
additional mixing along the typhoon tracks, first mainly in the continental shelves
and probably partly in deep oceans, if frequency of eddy motions in storm—driven
enhanced SML can coincide with buoyancy frequency of stratified interior. Even
though this process may happen mainly in shelf seas, there is a possibility that the
above conditions is satisfied both in surface mixed layer and pycnocline layer in
deep sea. Then, the total energy budget to maintain deep water mixing deserve still
more examination, since summation of 1TW(3(Egbert and Ray) ) by internal tide
and 0.4—0.7TW by near—inertial internal waves does not reach to estimated power
of 2TW. Further, this direct mixing effect may drive a spatially variable mixing
between storm—dominated region and other region in the Atlantic and Pacific
oceans, depending upon the hurricane tracks and resultant wind features. There is
observational evidence of spatial variability of turbulent mixing in the abyssal ocean
(20(Polzin et al.)), even though the related process may not be due to the same
origin as here.

Second, this issue is also related to the new necessity of the parameterization
of the energy/momentum leakage, at initial stage just after sudden wind, from
surface mixed layer into thermocline and stratified interior. These observations also
suggest that more refined parameterization for the wvarious numerical models 1s
necessary at initial stage under high wind and wave condition, in order that the high
frequency motion energy can leak into the thermocline and stratified interior. The
turbulent parameterization in ocean models of coupled hurricane model is considered
mainly for shear driven mixing, and the present result strongly indicates that the
coupled hurricane models should include such a physical process that
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hurricane/typhoon event lose its energy in the surface mixed layer into the
thermocline and stratified interior. This may influence the prediction accuracy of
hurricane/typhoon intensity. The necessity of new parameterization of turbulence is
also applied to the climate change models, whether hurricane/typhoon generation
module is considered or not, in terms of shallow and deep water mixing by direct
mixing effect.
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Figure Bla Time series of significant wave height, wind stress, and Stokes drift at surface at mooring
M1. Wind data are from reanalysis data based upon observed typhoon parameters such as
maximum radius wind speed and minimum pressure Hawaiian Typhoon Warning Center
(JTWC) at M1 site. 4096 data of 1 s interval data were used for extracting wave
parameters. Top plot shows wind direction. A, b, and c¢ time spans correspond to

Fig.B2a,2b,2¢c, respectively.
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density structure shows an enhanced surface mixed layer pattern.
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Figure B2a Band—passed turbulent velocities (9, 10) reveals well structured high frequency flow,

internal waves before passage of the typhoon. Typhoon passed through M1 around 11:40.
The in phase flows over the thermocline layer develop, and the flow starts to penetrate
into thermocline layer (10—35m below sea surface) at this stage. Total mean depth below
mean sea level is about 87m. Upper pannel shows the time change of wind stress and the

direction that wind blows toward.
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Figure B2b Structured strong flow with high frequency internal waves 5 hour after typhoon passage.

Strong current shear between SML and SI is clear. Stronger u (cross—wind) component at

bottom SML and vertical velocity there works as forcing through high vertical transport of

horizontal momentum. This corresponds to time zone b of Fig.Bla. Upper pannel shows

the wind stress changes and the wind blows nearly toward the north (90°). Degree here

denotes wind direction cyclonically from east.
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Figure B2d The band—passed fluctuation flow with high frequency internal wave about 1.5 days after
typhoon passage. Weaker current shear between SML and SI appears, with gradually
disappearing internal waves. This corresponds to time zone C of Fig.Bla. Upper pannel

shows that wind stress is quite weak.
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Figure B3

Averaged eastward momentum flux
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one minute—averaged bandpassed (700—150s) east—west(upper) and north—south(lower)

momentum flux (S#'W'>,<V'W'>) Momentum fluxes are calculated from second—order form
as it minimizes the beam separation effects (10,(Gargett and Wells)) at bottom SML
During stronger momentum flux, the internal waves become strong. When typhoon
approaches, internal wave generation toward north—south direction is active and larger
eastwestern momentum flux prevails due to increased momentum transfer by eddy
formation during whole afternoon Sep.01, as shown in Fig.B2b. Momentum flux weakens

gradually as time passes, finally its magnitude decreases to smaller quantity.
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Figure BS1 The typhoon track of Kompasu in 2010 with mooring point M1. CTD data are
collected at M1 and meteorological data (AWS) are available at Ieodo and
Marado.
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Figure BS2 (Left) Mean u and v currents, where 700s data are continuously averaged for fluctuation u

and v velocity data, again with u and v of Fig.B2b, for 4 hours (16:00—20:00, Sep.01,
2010). Mean current show vertical shear in some period, inducing nonuniform Doppler
shift. (Right) figure is time mean u and v of mean current in green box region data in left
figure, where mean u current in SI indicates quite weak mean current (1.5cm/s), compared
with 4.8cm/s mean current at SML.Dopper shift of angular frequency of internal gravity

wave in SI is quite small as being about 2.5%, during green box period.
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Figure BS3a (Left) vertical displacement of 3 modes and (Right) horizontal velocity. The mode

analysis was calculated for period =300s, which is a possible highest—frequency mode.
(mode with 250s becomes unstable and decaying mode). Density data (Fig.B1b(b)) at
M1 on Oct.16, 2010 was approximately used for the density structure just after typhoon
since it has a similar enhanced surface mixed layer as seen in Fig,2b. The 1°' mode
explains mostly the observed current. Largest vertical displacement in the pycnocline
appears at depths of 40m—42m. Upper and lower strong current contrast in the 1st
mode over the pycnocline depth is similar to observed current pattern. Rather strong
current in the lower layer also exist. The corresponding wavelength is 106m, with phase
speed=0.35m/s, and vertical wave length is assumed to be a large value of
2000m~3000m, since vertical motion happens nearly in phase implying that large
vertical wave length exists. Corresponding group velocity (2, (Garrett and Munk, 1979))

in x—direction for vertical wave lengths of 2000m~3000m is Ce, =0-0006m/s _

0.0014m/s and group velocity in z direction is — 0.0014m/s ~ —0.0268m/s , where Ce.

and Ce. are group velocity in x and z directions, respectively. Then the 1% mode energy
for 1.5 days moves 82m~ 184m horizontally, and vertically 2.3km~3.5km or several
tens of round trips between sea bottom and interface between SML and SI. This may
imply that this mode behaves like standing waves or the corresponding internal wave

energy 1s trapped near the generated site, and the energy may be used for mixing there.
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Figure BS3b Time variation of the integrated kinetic energy per unit mass using band—passed
fluctuation data. The integrated kinetic energy from bottom to 52m was added for each
two hour from Sep.01 to 03 for 36 hours. The assumption is that the kinetic energy
of internal gravity wave is uniformly distributed for each two hours to see the time
decay of kinetic energy. The kinetic fluctuation energy of peak value(14m?/s?) decays
down to e—folding value (5m?/s?) about 1.5 days after peak value appear. A sudden
large value on 20:00—24:00, Sep.02, when rather active internal wave occurs and
decay rapidly as seen in Fig.BS3c, is probably due to sudden forcing disturbance from
wind. During the time period subtle wind fluctuation seems to exist in Fig.Bla.
Therefore, this signal is assumed not to influence the decaying trend. The dotted trend
line is plotted considering time decaying trend, and two filled circles on dotted line

shows time indication to yield 14 and 55m?2/s2.
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Figure BS3c Band—passed turbulent velocities reveals intermittant structured high frequency

flow for 20:00—22:00, Sep.02, 2010. High frequency internal waves with stronger
velocity appear at first half period as an event character, during this time wind
stress is from 0.1-0.2 N/m? and wind direction changes abruptly. The wind
changes from toward the north (90°) to northwestward. Degree here denotes

wind direction cyclonically from east.
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