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ABSTRACT

On 6 August 2009, typhoon Morakot encountered a giant warm ocean eddy approximately 700 km by 500 km in the
southern eddy rich zone of the western North Pacific Ocean. Soon after passing over the warm ocean eddy, Morakot reached
its peak intensity at category 2. Results based on multiple satellite observations and numerical modelling suggest very favour-
able ocean conditions provided by the warm ocean eddy during this earlier developmental stage of Morakot. It is found that in
the presence of the observed warm ocean eddy, the upper ocean heat content increased significantly by ~100%, from ~60 to
120 KJ cm. This very deep and warm subsurface temperature effectively reduced the negative feedback of typhoon-induced
ocean cooling. As a result, the during-storm sea surface temperature remained high at ~29 - 30°C. This very warm during-
typhoon sea surface temperature (SST) provided an increase in air-sea enthalpy flux supply by ~200% (i.e.,~500 W m under
the warm eddy situation .vs. the ~170 W m under the without eddy situation). Also, since the during-typhoon SST remained
high, the moisture supply was increased to enhance convective activities. Numerical experiments using the Weather Research
and Forecasting (WRF) model suggest that the presence of the warm ocean eddy does not change the overall structure or
characteristics of Morakot. Rather, it contributes to a ~10% increase in Morakot’s precipitation. This research shows that in
addition to the favourable atmospheric conditions such as the Intra-Seasonal Oscillation or the southwestern monsoon flow,
there also exist favourable ocean conditions provided by the presence of a warm ocean eddy during the early developmental
stage of Morakot. Further studies based on a full-physics typhoon-ocean coupled model are needed to quantify the role of the
upper ocean features in affecting the evolution of Morakot, including its rainfall over Taiwan.
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1. INTRODUCTION
1.1 Motivation

The rainfall associated with typhoons, while affected
by the high mountains, is the most critical to research and
forecast challenges in Taiwan (Wu and Kuo 1999; Wu
2001; Wu et al. 2002; Alpers et al. 2007, 2010). In 2009,
Typhoon Morakot passed over Taiwan and became one
of the deadliest typhoons in Taiwan’s historical record. In
August 2009, Morakot devastated southern Taiwan with its
record-breaking torrential rain of ~1400 mm in 24 h (Hong
et al. 2010; Huang et al. 2011; Tao et al. 2011; Yang et al.
2011; Yenetal.2011). Together with the associated massive
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mudslide, Morakot buried an entire village claiming ~500
lives, and resulted in change of the governmental cabinet.
Just prior to its landfall, Morakot encountered a giant warm
ocean eddy approximately 700 km by 500 km. After the
encounter, Morakot’s intensity reached its peak and made
landfall in 6h (Fig. 1). This motivates us to explore the role
this giant warm ocean eddy played in Morakot, especially as
many studies focus on atmospheric influences with regard
to Morakot (Hong et al. 2010; Huang et al. 2011; Tao et
al. 2011; Yang et al. 2011; Yen et al. 2011). As the ocean
is the energy and moisture source for typhoons, it is thus
desirable to conduct an investigation from an oceanograph-
ic perspective. Especially cyclone-ocean interaction is an



662 Lin et al.

TD/TS Cat1 Cat2 Cat3 Cat4 Cat5

-30-20-10 -6 -4 4 6 10 20 30

Fig. 1. SSHA map based on satellite altimetry observation showing the
locations of the two prominent warm ocean eddies (characterized by
+SSHA of 10 - 40 cm) with Morakot’s track over-plotted.

ongoing critical scientific issue and large international field
programmes were conducted recently to explore this prob-
lem in the Pacific (D’ Asaro et al. 2011; Pun et al. 2011).

In this study, we first introduce the oceanographic set-
ting and origin of the eddy in the western North Pacific. In
section 2, the data and method are presented. The observa-
tional and numerical-simulation results are shown in sec-
tions 3 and 4, respectively. In section 5, the discussion and
conclusions are presented.

1.2 Oceanographic Setting and Origin of the Eddy in
the Western North Pacific

The Western North Pacific (WNP) is a vast and com-
plex ocean. In addition to the Kuroshio warm current, there
are two eddy-rich zones (ERZ) which have frequent occur-
rences of mesoscale anti-cyclonic and cyclonic ocean eddies
(Qiu 1999; Roemmich and Gilson 2001; Hwang et al. 2004;
Lin et al. 2005; Chen et al. 2007). These dynamic ocean
features are usually more difficult to observe by sea surface
temperature (SST) measurements but can be effectively ob-
served from satellite altimetry (Qiu 1999; Shay et al. 2000;
Goni and Trianes 2003; Lin et al. 2005; Goni et al. 2009).

As observed by satellite altimeters, regions west of the
dateline (i.e., the WNP region) have much larger variabil-
ity in sea surface height anomalies (SSHA) as compared to
regions east of the dateline. The WNP north of the 35°N
latitude and southeast of Japan is the northern eddy-rich
zone (NERZ). Eddies in the NERZ are Kuroshio extension
eddies (or rings), they are similar to the Gulf Stream rings in
the Atlantic, i.e., and originate from western boundary cur-
rents (Yasuda 1992). The WNP south of 22°N latitude is the
southern eddy-rich zone (SERZ). According to Qiu (1999),
the SERZ eddies originate from the baroclinic instability of
the weak flow between the westward North Equatorial Cur-
rent and the eastward Subtropical Countercurrent. SERZ ed-

dies are westward propagating eddies and have a lifetime of
~200 days (Lee et al. 2003; Hwang et al. 2004).

As the SERZ located amidst the frequent passages of
typhoons, there are frequent interactions between eddies
and typhoons (Lin et al. 2005, 2008). Based on 13 years’
of observations and numerical modelling, it has been found
that warm ocean eddies in the SERZ are critical to the West-
ern North Pacific super-typhoons (typhoons of maximum
sustained 1-minute surface wind speed exceeding 130 kts)
(Lin et al. 2005, 2008).

2.DATA AND METHOD

In this work, the intensity and track data of Morakot
is from the best track database of the US Joint Typhoon
Warning Center JTWC). In addition, three types of satellite
observational data and three models are used for analysis.
Satellite observational data include: (1) SST data from the
cloud-penetrating microwave TRMM (Tropical Rainfall
Measuring Mission), TMI (TRMM Microwave Imager) and
AMSR-E (Advanced Microwave Scanning Radiometer)
sensors (Wentz et al. 2000). (2) SSHA data from the JA-
SON-1, ENVISAT, and GFO (GEOSAT Follow-On) satel-
lite altimeters (Fu et al. 1994; Fu and Cazenave 2001) (data
source: delayed mode product from the Ssalto/Duacs and
distributed by Aviso). The SSHA data is used for ocean eddy
identification and derivation of upper ocean thermal struc-
ture, which are then used as input for model simulations. (3)
The 85 GHz/horizontal polarization brightness temperature
(Tb) data (Kelvin) from the SSMI (Special Sensor Micro-
wave Imager) sensor are used for observation of convective
activities (Kidder and Vonder Haar 1995).

The three models used are introduced below. The first
model is a two-layer reduced gravity ocean model devel-
oped by Shay et al. (2000). This model is used to derive
the upper ocean subsurface thermal structure using satel-
lite altimetry SSHA observations. It is well known that in
addition to SST, ocean subsurface thermal structure infor-
mation (typically from the surface down to 200 m) is criti-
cal for the development of tropical cyclones (Holliday and
Thompson 1979; Emanuel 1999; Shay et al. 2000; Emanuel
et al. 2004; Lin et al. 2005, 2008, 2009a, b; Goni et al. 2009;
Price 2009); however, it was not possible to routinely ob-
tain such information over the vast oceans till the launch of
the TOPEX/Poseidon satellite altimeter in 1993 (Fu et al.
1994). Using input of the observed SSHA to the two-layer
reduced gravity model (Shay et al. 2000; Pun et al. 2007), it
is now possible to derive subsurface ocean thermal structure
to a first order in an operational basis. Using this model, the
depth of the 20 degree isotherm (D20) and the 26 degree
isotherm (D26) can be derived. The accuracy of this model
in the western North Pacific has been extensively validated
using more than 5000 in sifu upper ocean thermal structure
profiles from the Argo floats (Pun et al. 2007). It has been
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found that this model is applicable in the region covering
10 - 26°N and 120 - 170°E. Thus, it is usable for the case of
Morakot (Fig. 1). The derived D26 can then be used togeth-
er with the observed SST to calculate the upper ocean heat
content (or tropical cyclone heat potential, TCHP) (Shay et
al. 2000; Goni and Trinanes 2003; Pun et al. 2007; Lin et al.
2008, 2009a, b; Goni et al. 2009).

The second model used is a 1-D ocean mixed layer
model after Melor and Yamada (1982). This model is used
to simulate the during-typhoon SST and subsurface thermal
structure profiles (Price 1981; Mellor and Yamada 1982;
Lin et al. 2003a, b, 2008, 2009a, b). Though SST and upper
ocean thermal structures are critical information for tropical
cyclones, at the moment it is only possible to obtain such
information before or after a typhoon’s passing using satel-
lite observations (Emanuel 1999; Lin et al. 2003a, b, 2008,
2009a, b; Black et al. 2007). Due to the presence of rain
and clouds, it is not possible to obtain the during-typhoon
SST and subsurface thermal structure using satellite obser-
vations (Kidder and Vonder Haar 1995; Wentz et al. 2000;
Lin et al. 2005). It is therefore necessary to use the satellite-
observed pre-typhoon SST and subsurface profiles as in-
put to the ocean mixed layer model to simulate the during-
typhoon SST and subsurface thermal structure. This ocean
mixed layer model is run according to Moarakot’s wind
speed and translation speed. Details of the model set up can
be found in Lin et al. (2008).

The third model is the WRF full-physics atmospheric
model. Since the most damaging aspect of Morakot was its
rainfall, this model is used to assess the role the observed
warm ocean eddy played in Morakot’s convective activities
(Hong et al. 2010; Huang et al. 2011; Tao et al. 2011; Yang
et al. 2011; Yen et al. 2011). In current literature, there ex-
ist quite a number of studies exploring the role warm ocean
features or eddies which play a role in a tropical cyclone’s
intensity (Hong et al. 2000; Goni and Trinanes 2003; Lin et
al. 2005, 2008, 2009b; Wu et al. 2007; Goni et al. 2009). In
contrast, very little is done to investigate the possible role
ocean features or eddies played in a cyclone’s rainfall dis-
charge. Therefore, two series of simulations based on the
‘with eddy-encountering’ and ‘without eddy-encountering’
simulations are performed to delineate the role the observed
warm ocean eddy played in Morakot’s rainfall. As the focus
is to compare the impact of different ocean conditions on
Morakot’s rainfall, the initial atmospheric conditions for the
two simulations are fixed. The simulations were performed
between 5 and 8 August 2009.

The WREF is not a coupled atmosphere and ocean mod-
el. In order to have an accurate representation of the during-
typhoon ocean condition for the simulation, the SST input
is updated each day as follows. On 5 August when Mora-
kot and its ocean interaction was weak (i.e., TS category),
the SST input was based on the observed SST on 5 August
using the satellite AMSR-E and TMI observations. As the

typhoon-ocean interaction became stronger when Morakot
intensified to category-2 between 6 and 8 August, the ocean
subsurface impact to SST has to be included (Price 1981;
Lin et al. 2005, 2008). During this period, the ‘T100” SST,
as proposed by Price 2009 was used. This is because the
intense typhoon wind turbulence caused subsurface water
to surface and created a well-mixed layer with uniform tem-
perature from surface to the mixed layer depth (Price 1981;
Lin et al. 2003a, b; Tseng et al. 2010; Lin 2012). According
to Price 2009, for a moderate typhoon travelling at a moder-
ate translation speed, the during-typhoon mixing depth is
typically around 50 - 100 m. As such, the depth-averaged
temperature from the surface to a 50 - 100 m depth, i.e.,
T50 or T100, can be a good characterisation for the during-
typhoon SST (Price 2009). As the mixing increases with the
time of the typhoon’s passing, T50 was used as input for 6
August while T100 was used for 7 and 8 August. For the
‘with eddy’ run, during-typhoon T50 and T100 were esti-
mated based on the altimetry-derived pre-typhoon upper
ocean thermal structure using the two-layer reduced grav-
ity ocean model developed by Shay et al. (2000) (Pun et
al. 2007; Goni et al. 2009). For the ‘without eddy’ run, the
during-typhoon T100 was estimated based on the climato-
logical upper ocean thermal structure profile from the WOA
(World Ocean Atlas) data base.

3. RESULTS BASED ON SATELLITE OBSERVA-
TIONS

Figure 2 depicts the ocean pre-conditions in D26,
TCHP, and SST as observed on 4 August 2009. It can be
seen that Morakot was travelling on the SERZ and it en-
countered two warm ocean eddies of SSHA of +10 to +40 cm
(Fig. 1). As reported by Lin et al. (2005, 2008); warm ocean
eddies are usually characterised by a SSHA of more than
+6 cm and eddies of such high +SSHA of 10 - 40 cm are
very prominent warm ocean eddies. As shown in Fig. 1,
Morakot passed over the first warm eddy during its genesis
period as a tropical depression and later as a tropical storm
during 0600 UTC 4 August - 0600 UTC 5 August 2009. At
1800 UTC 5 August it became a category-1 typhoon, and
soon at 0900 UTC 6 August it encountered the second warm
ocean eddy (Figs. 1 and 2). It continued to intensify over
this warm eddy and soon after eddy-encounter, it reached its
peak of category-2 at 0600 UTC 7 August (Fig. 1). It then
made landfall at 1200 UTC 7 August.

As shown in Figs. 2a and b, over the warm eddy re-
gion, the subsurface warm layer (characterised by D26) is
much deeper and heat content is much higher, as compared
to the ambient waters. As in Fig. 2b, in the warm ocean eddy
regions, the D26 is as high as 90 - 110 m while the ambient
D26 was only around 40 - 60 m, i.e., an increase of D26
by ~100% in the warm eddy regions. A similar situation is
found in the upper ocean heat content (or TCHP) wherein
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Fig. 2. Ocean pre-condition in SSHA (a), D26 (b), TCHP (c), and SST (d) for the case of Morakot as observed on the 4" of August 2009. The track

of Morakot is over-laid.

a very high TCHP of ~100 - 130 KJ cm™ was observed in
the eddy regions while the TCHP outside the eddy regions
was only around 50 - 70 KJ cm? (Fig. 2¢). According to
Lin et al. (2005, 2008, 2009a), these are very high values
of D26 and TCHP favouring typhoons and well-above most
observed D26 and TCHP values over the global cyclone ba-
sins (Goni and Trinanes 2003; Goni et al. 2009).

The SST situation (Fig. 2d) is consistent with the
TCHP observations such that a very warm SST, especially
over the warm ocean eddy regions were observed. In the
warm ocean eddy regions, the observed SST consisted of
genuinely high values of ~30 - 31°C. Although the ambient
SST was slightly lower, the SST of ~29 - 30°C was still high
and favourable for typhoon intensification.

Observing the SSMI 85 GHz Tb maps at 0907 UTC on
5 August (Fig. 3a), the asymmetric convection of Morakot
can be seen, with much pronounced activity at the south of
the storm. As Morakot encountered the second warm eddy,

increase in the convective activity was observed. As in
Fig. 3b, it can be observed that the convective activities were
much stronger, covering a wider region, and with enhanced
activities at the over-lapping region of the warm eddy and
Morakot. This situation persisted as Morakot left the warm
eddy and reached its peak, just before its landfall (Fig. 3c).

4. RESULTS BASED ON NUMERICAL MODEL-
LING

Using the two-layer reduced gravity ocean model with
the observed SSHA as input, the subsurface D20 and D26
were derived (Shay et al. 2000; Goni and Trinanes 2003;
Pun et al. 2007). Figure 4 illustrates the derived upper ocean
thermal profile in the centre of the warm ocean eddy (gray-
solid profile), as compared to the climatological profile
(black-solid profile, based on the NOAA World Ocean Atlas
2001 database, Stephens et al. 2002) showing the ‘without
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Fig. 3. 85 GHz/horizontal polarization Tb of the SSMI at (a) 0907
UTC (5 August), (b) 2137 UTC (5 August), and (c) 1006 UTC (7 Au-
gust). The black contours are the SSHA from Fig. 1, showing the loca-
tion of the warm ocean eddies.
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Fig. 4. Gray-solid profile: pre-typhoon ocean-depth temperature pro-
file at the eddy centre derived from the 2-layer reduced gravity model
(Shay et al. 2000) using input from the observed SSHA and SST. Gray-
dash profile: during-storm depth-temperature profile simulated by the
mixed layer model of Mellor and Yamada (1982). Black-solid profile:
climatological ocean-depth temperature profile showing the ‘without
eddy’ condition. Black-dash profile: mixed-layer model simulated
during-storm ocean profile under the ‘without eddy’ condition.

eddy’ upper ocean thermal condition. Clearly, the presence
of the observed warm eddy greatly deepens the subsurface
warm layer, with D26 reaching 105 m (gray-solid profile).
Without the presence of an eddy, the climatological D26
was only around 65 m (black-solid profile). As for the SST,
the climatological SST was ~29.2°C while the warm eddy
SST was ~30°C (Fig. 4).

These 2 profiles are then used as initial profiles to the
1-D mixed layer model (Mellor and Yamada 1982) to simu-
late the during-storm upper ocean thermal structure. The
model was run according to Morakot’s translation speed
and wind speed. The drag coefficient (Cd) was the high-
wind coefficient based on Powell et al. (2003). Figure 4
presents the results. It can be found that due to the weak
wind of Morakot and the deep subsurface warm layer in the
warm ocean eddy, little ocean cooling could be induced by
a typhoon and the during-storm SST was still around 29.2°C
(gray-dashed profile). Under the ‘without eddy run’, a stron-
ger ocean response is found with during-storm SST of 28°C
(black-dashed profile).

With the simulated upper ocean thermal profiles under
the two scenarios, the during-storm air-sea enthalpy fluxes
(latent + sensible heat fluxes, Emanuel 1995) could be es-
timated using the bulk aerodynamic formulae (Black et al.
2007; Lin et al. 2008, 2009a). The atmospheric boundary
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condition used was from the ERA-40 reanalysis data of the ocean eddy’ and ‘without warm ocean eddy’ scenarios, as
European Centre for Medium Range Weather Forecasts described in section 2. Figure 5 depicts the difference in the
(ECMWEF). As summarized in Table 1, there was a much
more air-sea flux supply under the warm ocean eddy condi-

tion and the estimated enthalpy flux was ~545 W m2. With- Table 1. Estimated air-sea sensible, latent heat and total enthalpy flux-

out the warm ocean eddy, there was a much less enthalpy es under the ‘with eddy’ and ‘without eddy’ conditions.

flux supply, typically ~170 W m? (Table 1). Wm? SHF LHF Total
Using the WRF model, the impact of the warm eddy With eddy 27 518 545

on Morakot’s rainfall was estimated under the ‘with warm No eddy -55 230 175
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SST input for the 2 scenarios. One can see that under the
‘with eddy’ scenario (left column), the SST could remain
high as compared to the ‘without eddy’ scenario (middle col-
umn) and the difference in SST is typically between 1 - 2°C.
As observed in the corresponding near surface (2 m) water
vapour mixing ratio, there was more water vapour supply
under the ‘with eddy’ scenario, especially between 6 - 7 Au-
gust (Fig. 6) when Morakot passed through the warm ocean
eddy. Typically, the increase was about 1 -3 gkg!,i.e.,a5-

TD/TS Cati1 Cat2 Cat3 Catd4 Catb

12% increase to the total vapour supply of ~22 - 25 g kg™.
Observing the corresponding rainfall amount, one can
see the corresponding increase in precipitation (Fig. 7). As
Morakot passed over the warm eddy on 6™ August, increase
in precipitation by 5 - 30 mm was observed. This also cor-
responds to about a 10% increase of the total precipitation
of between 30 - 120 mm. From August 7 to 8" as Morakot
progressed towards Taiwan, an increase in precipitation,
with an enhancement over the southern half of the storm,
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Fig. 6. Simulated water vapour mixing ratio at 2 m (unit: g kg') from the WRF numerical experiments between 6 and 8 August 2009 for the ‘with
eddy’ (left) and ‘without eddy’ (middle). The difference between the two runs is illustrated in (right).
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was observed. As compared to the situation on 6 August,
the increase in precipitation was more intense and loca-
lised, i.e., according to the convective structure of Morakot
as it made landfall. Overall, it is found that the difference
between the ‘with eddy’ and ‘without eddy’ runs does not
change the characteristics of the convective structure and
activity. Rather, the impact is attributable to a general in-
crease in precipitation by about 10%.

Exploring the possible physical reasons for the increase

in precipitation, the numerical simulations suggest that as the
during-storm SST over the warm ocean eddy was warmer,
there was an increase in latent heat and water vapour supply
to favour the convective activity. It is also possible that as
the presence of a warm ocean eddy helped to increase the
intensity of Morakot (Fig. 8), the maximum wind increased
and could entrain more south-western monsoonal moisture
and favour precipitation as Morakot approached Taiwan on
7 - 8 August (Fig. 7).
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numerical experiments for ‘with eddy’ (black curve) and ‘without
eddy’ (gray curve) runs.

5. DISCUSSION AND CONCLUSIONS

The observational and numerical results presented in
this research suggest a supportive role wherein a giant warm
ocean eddy played demonstrable role developing Morakot’s
intensification and rainfall as it traveled over the Pacific
between 5 and 6 August. The presence of the warm ocean
eddy does not change the structure or characteristic of Mor-
akot. Rather, it served to provide additional water vapour
and latent heat supply to increase Morakot’s intensity and
precipitation. A comparison between the numerical simula-
tions of the ‘with eddy’ and ‘without eddy’ runs using WRF
suggests a ~10% increase in rainfall as Morakot transversed
the warm ocean eddy on 6 August 2009. In the WRF simu-
lations, it was also found that Morakot’s intensity increased
due to the suppression of the typhoon’s self-induced ocean
cooling negative feedback in the ‘with eddy’ run. It is pos-
sible that this increase in intensity and wind speed can have
higher chance to entrain more SW monsoonal moisture to
enhance precipitation of Morakot between 7 and 8 August.

While this study provides a preliminary investigation
on the possible role a warm ocean eddy played in Mora-
kot’s rainfall and intensity, there remains to be more scien-
tific issues for further investigation. For example, though
the air-sea flux supply over the warm ocean eddy increased
by ~200%, Morakot only peaked at category-2. This might
be associated with Morakot’s storm structure, i.e., a weak
inner core but large and asymmetric outer rain bands. In
other words, it is possible that the flux supply may contrib-
ute more to large outer rain bands instead of contributing to
an inner core intensity. This interplay between an ocean’s
flux supply and storm structure may cause a difference in an
ocean’s contribution to a cyclone’s rainfall and intensity for
different storms. It would thus be an interesting scientific
issue to quantify future investigations using a fully coupled-
physics typhoon-ocean model under different storm struc-
ture scenarios.
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