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ABSTRACT 

In 2008, Super Typhoon Sinlaku (2008) passed over a pre-
existing cyclonic eddy (PCE) in the western North Pacific, 
causing an extreme cooling response at 22.5N, 125E.  This 
case provides a rare opportunity to explore the physical mecha- 
nisms that trigger an extreme cooling response to a typhoon 
underlying the influence of PCEs.  In this study, cooling re-
sponse to Sinlaku was observed by TMI/AMSR-E microwave 
SSTs and simulated using the Regional Ocean Modeling 
System.  To elucidate the impact of a PCE, in addition to 
standard run (EXPstd), another experiment that eliminates the 
influence of a PCE (EXPnonPCE) was designed and executed.  
By conducting upper ocean heat budget analysis on modeling 
diagnostic outputs, it is found that PCE enhances the cooling 
response by enhancing both the entrainment and upwelling 
simultaneously; but the dominant terms balancing the heat 
budget were not greatly altered by the PCE.  Finally, the ver-
tical thermal gradient is shown to be the essential factor 
boosting the enhancement of entrainment and upwelling, thus 
cooling the upper ocean. 

I. INTRODUCTION 

An upper ocean cooling response to a tropical cyclone is a 

key process occurring in the interface between the lower at-
mosphere and the upper ocean, because of its potential to 
modify typhoon intensity through energy exchange (Chang 
and Anthes, 1979; Black and Holland, 1995; Schade and 
Emanuel, 1999).  For long, the upper ocean response induced 
by tropical cyclones has attracted substantial attention from 
researchers in both atmospheric and oceanic fields.  Previous 
studies have suggested that the response of the ocean to ty-
phoons and hurricanes depends not only on the speed and size 
of the storm but also on the properties of the underlying ocean 
(Price, 1981; Wentz et al., 2000; Lin et al., 2003; Walker et al., 
2005; Zheng et al., 2008; D’Asaro et al., 2011). 

Generally, the impact of preexisting upper ocean conditions 
on the cooling process has two types.  First, a warm oceanic 
eddy preexisting on the pass track of a typhoon acts as an 
insulator between typhoons and the cold water of the deeper 
ocean, thus suppressing the cooling response to a certain ty-
phoon (Hong et al., 2000; Shay et al., 2000; Lin et al., 2008; 
Lin et al., 2009).  Second, while a typhoon encountering a 
pre-existing cyclonic eddy (PCE), it shows a contrary scenario 
that the PCE significantly enhances the efficiency of typhoon- 
caused surface cooling in the upper ocean (Walker et al., 2005; 
Prasad and Hogan, 2007; Zheng et al., 2008; Zheng et al., 
2010b).  This process has the potential to reduce the energy  
fed into the storm from the ocean because evaporation and 
conduction directly depend on the air-sea temperature differ-
ence (Leipper and Volgenau, 1972).  All of these processes are 
crucial for typhoon and hurricane intensity change prediction, 
because an upper ocean response to a typhoon is closely as-
sociated with energy transferring across the air-sea interface, 
thus changing subsequent typhoon and hurricane intensity 
changes (Leipper and Volgenau, 1972; Black and Holland, 
1995; Schade and Emanuel, 1999). 

Previous studies have largely improved understanding of 
the relationship between pre-existing oceanic conditions and 
the subsequent cooling process of a typhoon.  Nevertheless, 
some critical concerns have not been sufficiently clarified.  For 
instance, (1) the physical mechanisms that trigger the extreme 
cooling response to a typhoon underlying the influence of 
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PCEs.  Although entrainment is generally considered the key 
mechanism that dominates the mixed layer cooling to a tropical 
cyclone in a regular case (Price, 1981; Jacob et al., 2000), it is 
worth noting that the dominant mechanism to a cooling re-
sponse may change underlying various background conditions 
(e.g., Typhoon Kai-Tak in Lin et al., 2003).  Therefore, ques-
tion remains whether the influence of PCE and entrainment 
still play crucial roles in the cooling process.  (2) The process 
of how the PCE modifies the upper ocean heat budget under-
lying a typhoon passage has not been resolved in previous 
studies. 

Sinlaku (2008) was a Category 4 super typhoon that formed 
nearly 300 km east of Luzon Island on September 8, 2008, and 
then moved northward towards Taiwan.  Finally, it made land-
fall on the northeastern coast of Taiwan on September 12, 2008.  
During its passage, Sinlaku passed over a pronounced PCE 
near 22.5N, 125E and caused an extreme cooling response 
(of more than 5C).  This PCE was a westward propagated 
mesoscale eddy.  It appeared within the study area since the 
20th of August.  Therefore, Sinlaku provided a rare opportunity 
for clarifying the aforementioned issues. 

This study analyzed the upper ocean heat budget to eluci-
date the physical processes contributing to temperature varia-
tions during the typhoon passage.  Thus, the dominant mecha-
nisms triggering the extreme cooling to Sinlaku were found.  
Meanwhile, by comparing the modeling results using standard 
experiment and control experiment, the role that the PCE plays 
on the upper ocean heat budget is elucidated.  Finally, model 
simulated 3-D velocity components, diffusion coefficient, and 
vertical temperature gradient were analyzed to demonstrate 
how the PCE enhanced the cooling response. 

II. METHODOLOGY 

1. Model Descriptions and Experiments Design 

The Regional Ocean Modeling System (ROMS) used in 
this work is a free-surface, primitive equation, terrain-following 
oceanic model, in which barotropic and baroclinic momentum 
equations are resolved separately, where short time steps are 
used to advance the surface elevation and barotropic mo-
mentum equations and a much longer time step are used to 
compute temperature, salinity, as well as baroclinic momentum.  
A special two-way time-averaging procedure was employed 
for the barotropical mode in ROMS, whereas a third-order 
accurate predictor (Leap-Frog) and corrector (Adams-Molton) 
time-stepping scheme was used to discretize the baroclinic 
mode.  The combination of these schemes implemented in 
ROMS enables the generation of steep gradients, and effective 
resolution for a given grid (Shchepetkin and McWilliams, 
1998).  Finally, a non-local, K-Profile Parameterization (KPP) 
boundary-layer scheme was used to parameterize the sub-grid 
scale vertical mixing processes in ROMS.  Further description 
and validation of this model can be seen in Shchepetkin and 
McWilliams (1998; 2003). 

In this study, the model domain covers the partial western  
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Fig. 1. Model domain (red rectangle, 15-32°N, 115-132°E) in this study, 
covering partial western North Pacific, continental shelf of the 
East China Sea, and the northern South China Sea. 

 
 

North Pacific, the continental shelf of the East China Sea, and 
the northern South China Sea (see Fig. 1).  Model bathymetry 
is derived from ETOP02 bottom topography (Smith and 
Sandwell, 1997).  The model has a horizontal resolution of 
1/8 (~12 km).  Vertically, 32 s-coordinate levels are unevenly 
distributed for a favorable resolution of the upper ocean.  The 
advantage of choosing such a complex vertical coordinate 
system is to provide an appropriate vertical resolution in the 
upper ocean, and save the computation cost. 

The model is forced both by mechanical and thermal forc-
ing.  Parameters including 2 m and surface air temperature, 2 
m atmospheric relative humidity, downward shortwave and 
longwave radiation fluxes, and precipitation rate from Global 
Forecast System (GFS) (available at http://nomads.ncdc.noaa. 
gov/) are used to estimate heat exchange fluxes across the sea 
interface.  Six-hourly 0.25 ECMWF/QuikSCAT blended wind, 
obtained from French Research Institute for Exploitation of 
the Sea (IFREMER) through website ftp://ftp.ifremer.fr/, is 
used to force the model for its appropriately spatial resolution 
and temporal coverage, the resolving ability of this wind 
product can be seen in previous study (Zheng et al., 2010a).  
These fluxes are generated during the model run, instead of 
directly prescribing them in the experiments. 

The initial and lateral conditions used in the model are de-
rived from the HYCOM/NCODA Global 1/12 analysis field.  
All modeling experiments were configured based on a diag-
nostic frame.  This product uses the Navy Coupled Ocean Data 
Assimilation (NCODA) system (Cummings, 2005) for data 
assimilation.  Assimilated variables include satellite altimeter 
observations, satellite and in situ SST, as well as available 
in-situ vertical temperature and salinity profiles from Argo 
floats, gliders, and moored buoys.  Additional details about the 
cooperation of HYCOM/NCODA outputs and ROMS can be 
seen in Zheng et al. (2010a; 2010b). 

To evaluate the impacts of PCE, in addition to the stan- 
dard experiment (EXPstd), we further conduct another run  
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Fig. 2. Initial conditions derived from HYCOM/NCODA analysis for (a) 

EXPstd and (b) EXPnonPCE.  Color boxes in both figures denoted the 
areas used for heat budget analysis. 

 
 

(EXPnonPCE) with the same configurations as in standard ex-
periment but with different initial conditions.  The initial con-
ditions in EXPnonPCE are also derived from HYCOM/NCODA 
system, except for that on September 8, 2007.  Fig. 2 shows 
the initial conditions, including the sea surface height and the 
surface current vector derived from HYCOM/NCODA prod-
ucts on September 8, 2008 (Fig. 2(a)) and September 8, 2007 
(Fig. 2(b)), for standard experiment (EXPstd) and non-PCE 
experiment (EXPnonPCE).  Compared both figures, one can see 
that, relative to the existence of an unusually intense cyclonic 
eddy on September 8, 2008, EXPnonPCE can serve as a clima-
tological background without the influence of a pronounced 
PCE. 

2. Satellite Observations 

Here, merged SST products retrieved from Tropical Rain-
fall Measuring Mission (TRMM) Microwave Imager (TMI) 
and the Advanced Microwave Scanning Radiometer for EOS 
(AMSR-E) onboard the Aqua satellite are used to quantify the 
cooling response to Sinlaku (Wentz et al., 2000).  The product 
has a daily temporal resolution and a 0.25 degree spatial reso-
lution.  The preexisting cyclonic eddy is characterized by a 
negative sea surface height anomaly (SSHA) merged from 
Jason-2 and ENVISAT satellites (Lin et al., 2005; Lin et al., 
2008; Zheng et al., 2008).  The SSHA product with a 0.25 
spatial resolution and a 7-day temporal interval is provided by 
Archiving Validation and Interpretation of Satellite Data in 
Oceanography (AVISO). 

III. SURFACE COOLING IN RESPONSE TO 
SINLAKU’S PASSAGE 

In this section, we examine the relationship between PCE 
prior to Sinlaku passage and the enhanced surface cooling 
induced by Sinlaku after its passage.  Fig. 3(a) shows the 
maximal cooling response induced by Sinlaku during its pas-
sage.  The maximal cooling response is estimated by a series 
of TMI/AMSR-E satellite-observed SST drops (relative to SST 
prior to Sinlaku’s passage, as shown in Fig. 3(b)) caused by 
Sinlaku along its track.  The negative SSHA (white contours in 
Fig. 3(a)) on September 10, 2008 are superimposed on the  
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Fig. 3. (a) TMI/AMSR-E observed maximum cooling responses during 

typhoon Sinlaku passage (September 10-18, 2008).  The SSHA 
contours of the PCE are superimposed on the maximum SST 
drop images.  (b) TMI/AMSR-E observed SST on September 9, 
2008.  Moving tracks of Sinlaku are marked by yellow dots.  The 
beginning time of the track is 12:00 on September 9, 2008.  The 
temporal interval of each dot is 6 hours. 
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Fig. 4. ROMS simulated maximum cooling responses during typhoon 

Sinlaku passage from (a) standard experiment (EXPstd), and (b) 
model run with eliminated influence of PCE (EXPnonPCE).  White 
boxes represent the area used for heat budget computation. 

 
 

cooling response.  Comparing the cooling response to the loca-
tion of PCE characterized by negative SSHA, it is evident that 
the extreme surface cooling response caused by Sinlaku seems 
to be highly associated with the existing PCE prior to Sinl-
aku’s passage.  This relationship is generally consistent with 
previous studies (e.g., Walker et al., 2005; Zheng et al., 2008) 
but is much more evident.  This indicates that Sinlaku pro-
vided a rare case for elucidating the role of PCE play in modu-
lating upper ocean heat budget variations during a typhoon 
passage. 

Figs. 4(a) and 4(b) show the results simulated using EXPstd 

and EXPnonPCE.  Comparing the simulated cooling responses in 
both experiments to those observed by TMI/AMSR-E, the 
results simulated in EXPstd obviously fit the satellite observa-
tions much more favorably than those simulated using 
EXPnonPCE.  Both the central location and the magnitude of the 
maximal cooling simulated by EXPstd agree reasonably well 
with those characteristics retrieved from satellite observations.  
Meanwhile, as expected, the results derived from EXPnonPCE 
do not agree with satellite observations well.  This implies  
that, with the synergy of proper upper ocean conditions (e.g. 
the use of real-time HYCOM/NCODA output fields as initial 
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conditions of ROMS), ROMS has the potential to generally 
reproduce the upper ocean heat budget variations and thus the 
surface cooling in response to a typhoon passage. 

IV. HEAT BUDGET VARIATIONS DURING 
SINLAKU PASSAGE 

Here, the terms balancing the heat budget equation (refer 
to Lee et al. (2007)) are computed based on model diagnostic 
outputs.  The physical processes affecting the upper ocean 
temperature are thus elucidated.  The equation has the form 
as 

 ,    T U V W S DV DHQ Q Q Q Q Q  (1) 

where QT is the total temperature change rate at a certain  
depth, QU+V, QW, QS, QDV, and QDH are the temperature change 
rates contributed by horizontal advection, vertical advection, 
surface heat flux, vertical diffusion, and horizontal diffusion, 
respectively.  Because the horizontal heat flux divergence is 
largely compensated by the vertical heat flux convergence, the 
individual vertical and horizontal advection terms are com-
bined into a single term, total advection QADV.  In addition, 
because the horizontal diffusion term QDH is negligibly small, 
it is not shown in this analysis.  According to the average 
September temperature profiles from the World Ocean Atlas 
2001 (WOA01) in Stephens et al. (2002), five depths, 10 m,  
15 m, 25 m, 30 m, and 40 m, were selected to represent tem-
perature variations from the mixed-layer, to the mixed-layer 
base, and to the upper part of thermocline.  Heat budget terms 
were averaged within a box area of 2 by 2 centered at 23N, 
124.75E, as depicted in Fig. 4. 

1. Heat Budget Variations in Standard Experiment 
(EXPstd) 

Figs. 5(a)-5(e) show the heat budget variations simulated 
using EXPstd.  In addition to the heat budget within mixed- 
layer (Fig. 5(a)), the heat budget terms below the mixed-layer 
(Figs. 5(c)-5(e)) are also presented to elucidate the underlying 
processes causing subsurface temperature changes.  For clarity, 
the y-axis in Figs. 5(a)-5(e) has the same scale.  Comparing 
these heat variations within different depths, clearly, different 
processes dominate the evolutions of heat budget terms at 
various depths.  Vertical mixing dominates the heat variations 
within the mixed-layer, whereas advection plays a secondary 
role in the mixed-layer cooling during the passage of Sinlaku 
(see Figs. 5(a) and 5(b)).  The heat variation at 25 m (Fig. 5(c)) 
shows a transitional scenario.  At a depth of 40 m, advection 
becomes the dominant term in the heat-budget balance.  The 
temperature change rate contributed by the surface heat flux is 
approximately 10% of the total thermal variations.  This value 
is comparable to those suggested by previous studies (Price, 
1981; Jacob et al., 2000). 

During the typhoon passage, vertical mixing contributed a 
net warming at a depth of 30 m during September 11-12.  This  
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Fig. 5. Area-averaged heat budget terms computed using the results 

simulated by EXPstd in °C per day at five depths (a) 10 m, (b) 15 m, 
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except for results simulated using EXPnonPCE at corresponding 
depths.  The heat budget terms include the temperature change 
rate (QT), temperature change rates contributed by surface heat 
flux (QS), vertical diffusion (QVD) and total advection (QADV). 

 
 

warming was attributed to mixed-layer deepening caused by 
entrainment mixing, as shown in Price (1981).  Another dis-
tinct feature revealed in the heat variations is the periodical 
oscillation occurring after the passage of Sinlaku on Septem-
ber 12.  Using the Fast Fourier Transform analysis, we deter-
mine the oscillation period as approximately 27.3 hours.  This 
period is close to the local inertial period (30.7 hours).  The 
11% period difference is considered to be associated with the 
blue-shift by the pressure gradient as noted in Sanford et al. 
(2007). 

2. Heat Budget Variations in Control Experiments 
(EXPnonPCE) 

Figs. 5(f)-5(j) show the heat budget variations simulated  
in EXPnonPCE.  It is worth to note that the scales of y-axis in 
Figs. 5(f)-5(j) are about half of those scales using in Figs. 
5(a)-5(e).  In other words, the cooling responses simulated 
using EXPnonPCE are much smaller than those simulated using 
EXPstd.  Comparing both experiments elucidates the effects of 
the PCE.  This implies that the PCE plays a crucial role in 
enhancing upper layer cooling.  However, more interesting is 
that, despite the obviously different magnitudes in both ex-
periments, heat budget terms in both experiments show similar 
evolved process.  For instance, both of them reveal a near- 
inertial oscillation with a period of approximately 27 hours 
after the passage of Sinlaku.  In addition, the variations within 
and below the mixed-layer are also dominated by entrainment 
and advection, respectively. 

In short, the PCE modifies both the strength of temperature 
changes through the vertical mixing and the advection simul-
taneously.  However, the dominant terms balancing the heat 
budget were not greatly altered by the PCE. 
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Fig. 6. Model simulated continuous profiles of (a) the velocity u-com- 

ponent (ms-1), (b) v-component (ms-1), (c) and vertical component 
(10-5 ms-1), (d) vertical diffusion coefficient (AKt in m2 s-1), and (e) 
vertical temperature gradient (°C m-1) in EXPstd.  Those values 
were averaged over a two degree box area centered at 23°N, 
124.75°E.  (f)-(j) are the same as (a)-(e), except for that derived 
from EXPnonPCE. 

 

3. How the PCE Modifies the Upper Ocean Heat Budget 
during a Typhoon Passage? 

In this section, essential parameters including, velocity 
components in three dimension, vertical diffusion coefficient, 
and vertical temperature gradient were integrated and ana-
lyzed to resolve how the PCE modified the upper ocean heat 
budget and thus the cooling response to Sinlaku.  Generally, 
the enhancement of temperature changes in the upper ocean 
may be due to the strengthening of entrainment and upwelling 
and the upper ocean stratification; that is, a thinner mixed- 
layer depth (MLD) and sharper vertical temperature gradient.  
Figs. 6(a)-6(c) show the continuous profiles of velocity fields 
(u, v, w).  Figs. 6(d) and 6(e) show vertical diffusion coeffi-
cient (AKt in m2 s-1), and vertical temperature gradient (C m-1) 
averaged from a box area centered at 23N 124.75E (white 
box in Fig. 4) from EXPstd.  Figs. 6(f)-6(j) are the same as Figs. 
6(a)-6(e), except for that from EXPnonPCE.  All these terms are 
associated with the rate of the upper ocean cooling in both 
experiments. 

In ROMS, the vertical mixing (entrainment) term has the 

form of 
  
    z

AKt

H mn


 

where  represents one of u, v, 

temperature or salinity, AKt denotes the corresponding vertical 
diffusion coefficient, and Hz, m, n, and  are derivatives re-
sulting from the transformation of the z-coordinate to the 
s-coordinate (Song and Haidvogel, 1994).  Refer to the verti-
cal mixing term in ROMS, enhanced temperature response in 
the upper ocean contributed by vertical mixing may be due to 
enhancement of AKt and/or the increase of vertical tempera-
ture gradient.  On the other hand, temperature changes caused 
by advection are mainly contributed by the strengths of up-
welling and the vertical temperature gradient. 

Figs. 6(a)-6(d) and Figs. 6(f)-6(i) show that the dynamic 
fields (u, v, w and AKt) derived from EXPstd and EXPnonPCE are 
quite similar.  In both experiments, the upper layer velocity 
demonstrates a clockwise-rotating inertial motion (Figs. 6(a), 
6(b), 6(f), and 6(g)).  This is attributed to the resonance of 
wind stress vector rotating clockwise on the right side of the 
track with inertial motions (Price, 1981; Sanford et al., 2007).  
The divergence of the upper layer horizontal velocity field 
causes upwelling and downwelling with a near-inertial period 
(see Figs. 6(c) and 6(h)), termed inertial pumping.  Concur-
rently, the vertical velocity and vertical diffusion coefficient 
(which are used to reflect the strengths of upwelling and ver-
tical mixing) in EXPnonPCE are even slightly larger than those in 
EXPstd.  Recall the much stronger upper ocean response of 
EXPstd shown in the heat budget analysis (seeing Fig. 5).  This 
result implies that the non-dynamic term (e.g. vertical tem-
perature gradient) may play a key role in modulating the upper 
ocean heat budget during a typhoon passage underlying the 
influence of PCE. 

Figs. 6(e) and 6(j) show the vertical temperature gradient 
(°C m-1) in EXPstd and EXPnonPCE, respectively.  The minimal 
gradient area (blue shade) can approximately be treated as the 
distribution of mixed-layer.  According to the variations of 
MLD, in the forced period, the MLD is gradually deepened by 
the entrainment.  Immediately, the enhanced upwelling makes 
the MLD become shallow by pumping cold water upward 
form the subsurface and overwhelms the mixed-layer deep-
ening caused by the entrainment.  Finally, with the decrease of 
entrainment and upwelling, near-inertial oscillations gradually 
dominate the MLD variability in the relaxation period (see 
Figs. 6(e) and 6(j)).  In addition to the MLD variability, the 
vertical temperature gradient was somewhat different in both 
experiments.  In EXPstd, the temperature gradient just below the 
mixed-layer varies drastically, in contrast to the gentle varia-
tions of vertical temperature gradient in EXPnonPCE.  Because 
of the large differences in upper ocean thermal stratification, 
the typhoon passage can cause the upper ocean cooling with 
different magnitudes through entrainment and upwelling un-
der identical wind-forcing.  In other words, the sharper vertical 
temperature gradient is the crucial factor causing the upper 
ocean heat budget changes and thus enhancing the cooling 
response, underlying the influence of PCE, rather than the dif-
ferences of dynamic fields between both experiments. 

V. CONCLUSIONS 

Super Typhoon Sinlaku 2008 passing directly over a huge 
cyclonic eddy at 23N, 124.5E provided a great opportunity 
for exploring some key issues that have not been sufficiently 
clarified.  To approach these scientific issues, ROMS is used to 
reproduce the upper ocean response to the passage of Super 
Typhoon Sinlaku.  Model simulated upper ocean cooling gen-
erally agrees favorably with the response observed by satellite 
microwave sensors. 

Subsequently, by comparing the model results from the 
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standard experiment and control run, we examined the sensi-
tivity of the upper ocean cooling response to PCE.  Although 
the difference between both experiments cannot totally be 
attributed to the contributions of cyclonic eddy only, because 
initial and boundary conditions using in both experiments 
were derived from real oceanic environment.  However, it is 
noted that the specific goal of this analysis is to reveal the 
impact of a cyclonic eddy on the whole thermal evolution rela-
tive to a normal case (without the influence of PCE).  That’s 
why we use another real oceanic environment (derived from 
HYCOM/NOCDA outputs on 8 September 2007) as initial and 
boundary conditions in EXPnonPCE rather than applying a fully 
ideal experiment.  Therefore, though the difference between 
both experiments didn’t totally equate to the contribution of 
cyclonic eddy, it is believed that this might not cause adversely 
effects on the demonstration of the impact of PCE to the upper 
ocean heat budget during a typhoon passage. 

In addition, the terms balancing the temperature equation 
were computed, and the physical mechanisms dominating the 
upper ocean heat budget during a typhoon passage at different 
depths were quantified.  The results of heat budget analyses 
show that the vertical mixing (entrainment) dominates the 
mixed-layer heat variations; whereas the advection dominates 
the temperature changes below the mixed-layer.  Comparing 
the heat budgets from EXPstd and EXPnonPCE suggests that the 
PCE enhances the upper ocean cooling response by increasing 
the contributions of advection and vertical mixing simulta-
neously.  Nevertheless, it is worth noting that the balance of 
the upper ocean heat budget was not dramatically altered by 
the PCE. 

Finally, by comparing the time-series profiles of dynamic 
fields to vertical thermal stratification evolutions during the 
typhoon passage, it is found that the different rate of cooling 
within the mixed-layer can be mainly attributed to the differ-
ences of the pre-storm vertical temperature gradient.  Namely, 
sharper thermal stratification in the upper ocean accompany-
ing the PCE enhances the efficiency of the upper ocean cool-
ing through the entrainment and upwelling under identical 
wind-forcing and eventually the cooling response. 
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