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The upper ocean response to the translation speed of typhoons is studied using a
three-dimensional primitive equation model. Similar models studied previously have
applied stability criteria rather than the diffusion term to simulate the vertical mix-
ing process. This study retains the diffusion term and uses the level-2 turbulence clo-
sure scheme to estimate the vertical eddy viscosity. The model results indicate that in
the forced period, the mixed-layer temperature decrease is greater for a slow-moving
storm due to stronger upwelling caused by the longer residence time. A fast-moving
storm can attain a similar cooling intensity in the wake period if its residence time
allows the wind to resonate with the current. The significant downward momentum
diffusion and advection in the first few inertial periods of these events leads to strong,
persistent inertial pumping throughout the upper ocean in the wake period. The mixed
layer is further cooled by turbulent mixing supported by vertical current shears.
Meanwhile, the upper thermocline exhibits a compensating temperature increase. The
vertical transfer magnitude and penetration scale are smaller in the slow-moving case,
when the inertial motion decays rapidly. The model results also indicate that the domi-
nant cooling process can be inferred from the non-dimensional storm speed. How-
ever, this value may be misleading for rapidly moving storms in which the current
response is so distant from the storm that little wind work is performed on the ocean.

(ML) model, as in the classic study of Pollard and Millard
(1970), who proposed a two-layer slab ML model in which
the subsurface drag against the imposed wind stress is
modeled as a linear damping term. The damping coeffi-
cient, which has a dimension of (time)–1, is linearly pro-
portional to the entrainment velocity at the base of the
ML. Instead of using one linear damping term, the subse-
quent model study of Chang and Anthes (1978) explic-
itly specified individual forcings, such as the pressure
gradient force or horizontal advection, to better describe
the mechanism responsible for the storm-induced ocean
cooling. However, they found that entrainment mixing
remains the dominant process in reducing the ML tem-
perature, as is shown by the results of the field experi-
ments (Jacob et al., 2000; D’Asaro, 2003). The entrain-
ment in the slab ML model can only be estimated through
the calculation of the entrainment rate parameterized by
various schemes. Generally,  an entrainment rate
parameterization is meant to model the turbulent stress
associated with the momentum transfer between the ML
and the layer below. However, this leads to an inherent
limitation for the slab ML model, in that larger entrain-
ment cooling will lead to faster decay of the inertial cur-
rent. The slab ML model is thus unable to depict those

1.  Introduction
The upper ocean’s response to a moving typhoon has

attracted considerable attention. A distinctive feature of
this response is the decrease in the sea surface tempera-
ture (SST) to the right of a moving storm. The SST de-
crease can affect storm forecasting (Cione and Uhlhorn,
2003) and it is also important in climate research for esti-
mating the ocean’s heat transport (Emanuel, 2001). Tropi-
cal cyclones are strong, localized weather systems. Their
characteristics affect the strength of ocean cooling and
inertial oscillations arising from their passage. Since a
storm travels across the ocean with the wind rotating
around the storm center, it may produce a wind forcing
that varies at a frequency close to the inertial frequency,
given a correctly matched size and translation speed. The
inertial motion and cooling in the upper ocean are en-
hanced during such wind-current resonant events
(Crawford and Large, 1996).

The conventional approach to simulating such wind-
generated inertial motions adopts the slab mixed layer
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events that consist of both significant cooling and pro-
longed inertial currents in the ML. An example of such
events is reported in Zedler et al. (2002), who found a
temperature decrease of 3°~3.5°C and e-folding decay
times of 14.9 days for the inertial currents at 25 m depth
due to the passage of Hurricane Felix.

In addition to the above-mentioned limitation, the
fact that the 2-layer slab model confines all mixing in the
ML is seemingly inconsistent with the observations. The
ocean’s density profile is generally more sophisticated
than a simple two-layer structure. Taking the ocean’s ver-
tical structure into consideration, Price (1983) and Wada
(2002) both use a model containing one ML and a few
other layers. The importance of the thermocline is recog-
nized and discussed in these models. Besides adding lay-
ers to the slab ML model, another type of approach mod-
els the vertical structure of hurricane-induced ocean re-
sponse by summing the first few baroclinic modes. Shay
et al. (1989), for example, found that a model based only
on the first four forced modes can explain about 70% of
the current variance. However, as discussed in Price
(1983), such a normal mode solution requires intensive
numerical calculations and is not applicable when the re-
sponse is not modal or wave-like. Price et al. (1994) there-
fore adopted a three-dimensional (3-D) primitive model
to study the upper ocean’s response to three hurricanes.
The vertical mixing in this model was treated by forcing
the model to satisfy three stability criteria: static stabil-
ity, ML shear flow stability, and stratified shear flow sta-
bili ty.  Although the model provides fairly good
simulations of the current structure in the ML, some fea-
tures resulting from the local mixing, e.g. cooling in the
ML and warming in the thermocline (Zedler et al., 2002),
cannot be depicted in this model using bulk stability cri-
teria.

Among the storms analyzed by Price et al. (1994),
Hurricane Norbert was specifically discussed because
substantial thermocline currents were observed in that
case. In his study (and also in normal model solutions),
the ML and the thermocline are coupled through the hori-
zontal pressure gradient, and Price estimated that approxi-
mately 35% of the kinetic energy in Norbert was trans-
ferred downward through this coupling. It is noteworthy
that Norbert was an intense, relatively small storm in
which the pressure gradient effectively connected the
thermocline and the ML. On the other hand, the connect-
ing mechanism for large, fast-moving storms was not dis-
cussed in Price’s study due to a lack of relevant observa-
tions. The large, fast storms, as defined in Greatbatch
(1984), have translation speeds Uh greater than the first
baroclinic mode wave speed c1 and half-width of its cross-
track response length scale larger than the scale defined
by c1/f ( f is the inertial frequency). We may infer a small,
negligible horizontal pressure gradient term for storms

within this limit. The pressure coupling is important in
the Norbert case because the ratio Uh/c1 is only 1.5 and
the response length scale and the scale c1/f are about the
same (~42 km). A question then arises regarding the re-
sponse to those large and fast storms: is there still any
significant coupling between the ML and the thermocline,
at least in the first few inertial periods (IP) after the ar-
rival of a storm?

Considering the issues set out above, in this study
we examine the ocean cooling induced by large, fast-
moving storms using a 3-D primitive equation model with
higher vertical resolution in the ML and the thermocline.
Unlike the integral form of the vertical mixing used by
Price et al. (1994), the model retains the diffusion terms
and uses the turbulence closure scheme to estimate the
vertical eddy viscosity coefficient. Cases of storms hav-
ing different translation speeds are considered to study
the conditions favorable for the occurrence of wind-cur-
rent resonance and the dominant cooling mechanisms. The
sensitivity of the storm-induced upper-ocean cooling to
its vertical mixing efficiency is also discussed.

2.  Model Formulation and Numerical Experiments
The model used in this study is modified from

Semtner and Mintz (1977) and includes the Boussinesq,
hydrostatic, and rigid-lid approximations. The model is

0 10 20 30

 1

 2

 3

 4

 5

 6

 7

 8

 9

10

11

12

13

14

15

16

17

18

19

Temperature (oC)

M
od

el
 L

ev
el

12.5 m

25 m

37.5 m

50 m

62.5 m

75 m

87.5 m

100 m

125 m

150 m

175 m

200 m

225 m

250 m

500 m

1000 m

2000 m

3000 m

4000 m

Fig. 1.  Model vertical layer arrangement and initial tempera-
ture profile.
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bounded by 100 and 140°E meridians and 10 and 40°N
parallels with a horizontal resolution of 0.2° (approxi-
mately 22 km). The vertical layer thickness varies at
higher resolutions in the mixed layer and the thermocline
(Fig. 1). A simplified model basin and ocean condition
are adopted, wherein the modeled ocean is 4-km deep and
is initially quiescent with vertical stratification only. The
initial vertical stratification is a typical temperature pro-
file observed in the South China Sea (Fig. 1). The salin-
ity is fixed at 35 PSU in the model through out the calcu-
lation. As for the surface boundary condition, since the
ML cooling is mostly due to the entrainment (D’Asaro,
2003) and reliable surface heat flux data under an active
storm are not available, we adopt a simple, constant SST
boundary condition. The influence of surface heat flux
on the mixing can be found in Wada (2002), while this
study focuses on the wind-current resonance effect only.

Two storm cases are considered with identical wind
stress distributions but different translation speeds Uh
(3.33 m/s and 6.65 m/s). In both cases, the storm moves
steadily to the west along 25°N. In case C1 (Uh = 6.65
m/s), the storm sweeps across the domain in 7 days, while
in case C2 (Uh = 3.33 m/s) it takes 14 days. It is worth
noting that the speed of motion in C1 is much faster than
the first baroclinic mode wave speed c1, which is about 2
m/s in the experiment, while the speed in C2 is relatively
closer to c1. In addition, the internal radius of deforma-
tion c1/f (~32 km) in the experiment is also much smaller
than the cross-track response scale, which will be dis-
cussed later. In other words, the storm case used in this
study satisfies the condition of a large, fast storm as de-
fined by Greatbatch (1984).

The storm wind fields are calculated based on the
Rankine Vortex theory (Holland, 1980), in which a sym-
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Fig. 2.  (a) Radius of maximum wind (Rmax) and central pressure (Pc) used in storm wind calculation across the model domain.
(b) Calculated wind stress distribution when the storm center is located at (120°E, 25°N). (c) As (b) but shown in a cross-
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metric wind stress distribution is parameterized by the
radius of the maximum wind, Rmax, and the central pres-
sure of the storm, Pc. The magnitude of these storm pa-
rameters is a half sine wave through the time/longitude
span, as shown in Fig. 2(a), and the storm size/intensity
increases and decays over its course to the west. The speci-
fied maximum/minimum value of Rmax/Pc is not rare: on
average 18 tropical cyclones reached this value in the
Northwest Pacific from 2004 to 2006. The maximum wind
stress calculated based on these values is about 27
dyne/cm2 (Figs. 2(b) and (c)), which is about the strength
of a strong tropical cyclone. The reduction of the storm
size and strength near the model’s eastern and western
boundaries serves to diminish the effect from the bound-
ary to the model results in the domain center. The analy-
ses presented in the next section are mainly based on the
model results of the cross-track transect at 119°E when
the storm intensity reaches its maximum.

To assess the influence of the storm’s translation
speed on the ocean’s mixing efficiency, each case is stud-
ied with both constant (5 cm2/s) and variable vertical eddy
viscosity, estimated using the turbulence closure scheme
described in Mellor and Durbin (1975). This scheme fol-
lows the level-2 parameterization in which the turbulent
energy equation is formulated such that it balances the
shear production, the buoyancy production and dissipa-
tion. All the numerical experiments are summarized in
Table 1. In the following discussion the time axis is con-
verted to units of local IP. The initial point (0 IP) is the
time when the wind stress is greater than 1 dyne/cm2. This
value is also used to define the end of the forced period
of the ocean response as the storm wind stress magnitude
falls below it; the response is then referred to as the re-
laxation wake period.

3.  Results

3.1  Temperature response
The simulation results for both cases indicate that

the maximum sea surface cooling (SSC) appears on the
right (north) side of the track at approximately 25.5°N.
The SSC forms patches along the track in both cases as a
result of the convergence/divergence of inertial currents
(i.e., inertial pumping) generated by the storm passage
(Fig. 3). In both cases, the along-track scale of the cool-
ing patches, as reported in Price (1983), is close to Uh ×
IP and is thus larger in case C1. In regard to the cross-
track scale of the patches, although the radius of the maxi-
mum wind (a widely used scale parameter) is the same in
both cases, still C1 appears to have a larger scale than
C2. The length of the half-width of the cross-track re-
sponse scale is about 100 km and 50 km in C1 and C2,
respectively, both of which values are larger than the in-
ternal radius of deformation. Besides the horizontal SSC
scale, the difference in the vertical displacements of the
isotherms is also distinct. Comparison of the temperature
profiles at 119°E transect for both cases at 5.7 IP (1 IP ~
28 hours at 25°N) after the storm’s arrival indicates that
the maximum cooling occurs at 25.5°N, where C2 is
colder than C1 at depths above 200 m (Fig. 4). It is ob-
served that in C1, a secondary bulge appears along 27°N,
while in C2 the lifting of the isotherms is less significant
at the corresponding latitude. This second cooling center
in C1, shown in the upper 50-m mean cooling time series
plot at 119°E transect, reaches 2°C at approximately 4
IP. Thereafter, a time lag of approximately 0.6 IP between
the second and the first cooling center becomes evident
(Fig. 5). Another distinct difference between the two cases
is the maximum cooling. In C1 the maximum cooling in-
creased in the wake period, whereas in C2 it decreased
after 5 IP. In addition, a time lag to the south within the
cooling center (greater than –3°C) appears after 3 IP in
C2, whereas in C1 the cooling variation is symmetric
about the center. In other words, the cooling in C2 is less
biased to the right of the storm track, but a phase differ-
ence exists across the cold patch. A similar phase lag is
also seen in figure 7 of Chang and Anthes (1978), which
shows a snapshot of the vertical velocity distribution in
their model for the slow-moving storm case. This feature
results from the Ekman pumping, which is no longer neg-
ligible in the slow-moving case. It is effective near the
storm center and the induced upwelling strength is pro-
portional to the duration of the storm. Therefore, the
upwelling is clear near the storm center in the slow-mov-
ing case, but its response lags behind the inertial pump-
ing in the right sector of the storm.

To further examine the difference between the cases,
Fig. 6 shows the upper 400-m temperature response from
0 to 7 IP at the maximum cooling center of transect 119°E.

Table 1.  List of cases and their storm-related parameters stud-
ied in this study. Av is the vertical eddy viscosity determined
by the turbulence closure scheme in all cases except in cases
C1a and C2a, where a constant value is used. Ts is the storm
residence time estimated by counting the period when the
wind stress is larger than 1 dyne/cm2. k is the ratio of the
local inertial period (28.3 hr at 25°N) to the storm residence
time.

Storm case Uh (m/s) Av  (cm2/s) Ts (hr) k

(at 119°E, 25°N)

C1 6.65 Variable 39 0.73
C1a 6.65 5 39 0.73
C2 3.33 Variable 75 0.38
C2a 3.33 5 75 0.38
C3 4.46 Variable 51 0.56
C4 9.31 Variable 24 1.18
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The temperature field starts to respond to the wind only
after about half of the forced period has elapsed. Two
cooling maxima are found in the vertical profile: one is
in the upper thermocline close to the base of the ML,
where the temperature gradient is large; the other is at a
depth of approximately 250 m, where the vertical veloc-
ity is large. Notably, over the 7-IP time span, the maxi-
mum cooling in C2 occurs during the wind-forced pe-
riod, while in C1 it occurs later in the wake period. The
maximum temperature decrease near the ML base in C2
reaches 5°C in the forced period. This cooling, besides
the transient response during 2~3 IP, persists until 4 IP
and then reduces to 4.5°C between 4~5 IP. In C1, the di-

rect wind force causes a temperature decrease of 4°C,
while an additional 1°C cooling occurs later in the wake
period and persists after 5 IP. For the cooling center in
the lower thermocline, the temperature decrease for cases
C1 and C2 reaches approximately 3 and 3.5°C, respec-
tively, in the forced period. In the subsequent wake pe-
riod the cooling increased in both cases and the maxi-
mum decrease achieved was 5°C. The maximum cooling
then decreases to 4.5°C after 4 IP in C2 but persists in C1
until 7 IP.

Besides the cooling magnitude, the time evolution
of the temperature change clearly indicates that more per-
sistent oscillations are induced in the upper ocean in C1,

Fig. 3.  Temperature anomalies (°C) at model level 2 for C1 (a) and C2 (b) as the storm is about to leave the domain. Contour
interval is 0.4°C.

Fig. 4.  Upper 300-m temperature field (°C) for C1 (solid line) and C2 (dashed line) at 119°E transect at 5.7 IP after the arrival of
the storm.
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while the fluctuations decay after 4 IP in C2. This differ-
ence can be better studied through the vertical structure
of the horizontal velocity (Fig. 7). It appears that the ve-
locity profile in C1 assumes the first baroclinic mode
structure at about 6 IP. The node resides at depths of
around 60~100 m, corresponding to the upper cooling
center where the temperature gradient is large. When the
ML and thermocline are coupled in this first mode struc-
ture, the inertial motion persists longer and remains
strong. In C2, much less energy is transferred into the
thermocline and no such mode structure is observed. The
current velocity decays rapidly both vertically and with
time.

Our result is consistent with the conclusions of
Geisler (1970), who stated that the degree of wake re-
sponse depends on the storm residence time, which is large
for fast-moving/short-stay storms. Geisler’s study also

stated that an appreciable wake is generated only if the
passage time of the region of strong wind stress curl is
less than half a pendulum day (one IP). In our study, since
the wind-forced period experienced at (119°E, 25°N) is
closer to the IP in C1 (Table 1), the rates of wind energy
input to the currents are higher than in C2, according to
the study of Crawford and Large (1996). The mixing and
cooling processes associated with the storm events of
variant translation speeds were examined by Chang and
Anthes (1978) using a slab ML model, and by Wada
(2002) using a ML ocean model with more layers in the
vertical. In their models, the entrainment rate is
parameterized by the imposed wind stress, buoyancy ef-
fect, and vertical current shears. Both studies show that
the magnitude of ML cooling was smaller for faster-mov-
ing storms; however, the integration time is short in both
studies. When the integration time is not long, the
upwelling in the forced period is an important mecha-
nism for ML cooling, particularly for the slow-moving
storm. Its strength directly reflects the magnitude of the
typhoon’s wind stress and residence time. Our study fur-
ther reveals that the cooling may be enhanced in the wake
period for a faster-moving storm if wind-current reso-
nance occurs. The main cooling mechanism in such a case
is then the turbulent mixing associated with the storm-
induced, near-inertial motions in the upper ocean. Figure
8(a) shows the vertical profile of the estimated vertical
eddy diffusivity from 0~6 IP. It is clear that the diffusiv-
ity extends deeper in the vertical and is larger in the wake
period in the C1 case. Such significant mixing in the wake
period was reported in the study of Jacob et al. (2000),
who investigated the ocean’s response to Hurricane
Gilbert, finding that the shear-induced mixing contrib-
uted most to the ML dynamics and persisted up to the
third day after the storm’s passage. To summarize, in our
simulations the slow-moving storm cools the ocean faster,
but the fast-moving storm achieves the same effect within
a few IPs, as demonstrated by the 6~7 IP mean tempera-
ture profiles for C1 and C2 in Fig. 8(b).

It is worth commenting on the feasibility of the
clamped SST condition used in our model study. In order
to properly simulate the upper ocean’s thermal structure,
one needs to know either the surface heat flux or the SST.
However, both these items of information are not easy to
estimate under an active typhoon. We then face the situa-
tion that the near surface temperature field cannot be de-
termined exactly. Some previous observations have indi-
cated that the upper ocean cooling under a typhoon is
primarily due to the upwelling and entrainment of cold
water beneath the surface mixed layer. Hence, as a first
step, we may adopt a zero heat flux condition at the sur-
face. However, this condition will result in an artificially
long lifetime for the cooling event, which is the main is-
sue that we want to investigate in this paper. Furthermore,

Fig. 5.  Upper 50-m mean cooling (°C) for C1 (a) and C2 (b) at
119°E, 23~28°N from 0~7 IP. Contour interval is 0.3°C.
Cooling exceeding 3°C is depicted by shaded areas. Dot-
dashed lines mark the end of the wind-forced period and
the beginning of the relaxation wake period.
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the use of a no surface flux condition together with a
strong upwelling may yield a solution with the cold wa-
ter outcropping to the sea surface. This kind of thermal
structure will never restore to the original state after the
passage of the storm event. We therefore chose another
option, the clamped SST condition, to force the near sur-
face temperature field return to its initial state after the
passing of a storm event. Certainly the clamped SST con-
dition will generate an artificial temperature gradient near
the sea surface, which is unfavorable to the surface cool-
ing, so the meaning of the long time duration of the cool-
ing event in case C1 then becomes more significant.

3.2  Momentum transfer
The intense, persistent inertial pumping in C1 is sup-

ported by the large wind-energy input in the forced pe-
riod. In this resonant event the downward energy may
penetrate the thermocline and initialize the motion there,
which in turn drives the motion in the ML. The slab ML
model used in previous, similar studies cannot describe
this process because it either ignores the thermocline
motion or simulates the entrainment as a one-way proc-
ess (e.g. Chang and Anthes, 1978). Therefore, the
thermocline is also important in the study of storm-in-
duced cooling, especially for the resonant case in which
significant energy is transferred from the ML, with con-
sequent slow decays.

Momentum budget analysis is performed to identify
the process responsible for the downward energy trans-

fer. Figure 9 plots the upper-ocean 0~6 IP temporal vari-
ations in the vertical diffusion, vertical advection, hori-
zontal advection, and Coriolis force terms in the momen-
tum equation. The pressure gradient term in both cases is
much smaller than these four terms in the upper ocean. In
comparison, C1 appears to have stronger, deeper, and
longer momentum variations than C2, particularly in the
wake period, during which the inertial motion develops.
Among those major momentum terms in the forced pe-
riod, vertical diffusion contributes the most in both cases,
although it reduces significantly after 2 IP. Note that the
vertical diffusion process responds almost immediately
to the wind, and the penetration depth is twice as deep in
C1 as in C2 (Fig. 9(a)). It is noteworthy that such a dif-
ference in the penetration depth occurs within the ML
and cannot be resolved when the ML is simulated as one
single layer. With the downward diffusion of momentum
we observe a corresponding increase in the Coriolis force
term in the first 0.5 IP. The vertical advection term also
contributes significantly to the momentum transfer in both
cases. There is a delay of about half of the forced period
for this term to respond to the wind. Although the
advection terms are large in the forced period, their
maxima occur at the first wave in the wake period with a
vertical penetration depth that is much deeper in C1. The
analysis thus revealed that when the pressure gradient
term has negligible influence, diffusion and advection
serve as the coupling mechanisms between the ML and
the thermocline. Plueddemann and Farrar (2006) evalu-

Fig. 6.  Comparison of the cooling profiles of C1 (a) and C2 (b) for 0~7 IP at (119°E, 25.6°N). Contour interval is 0.5°C. Cooling
exceeding 4.5°C is depicted by shaded areas. Dot-dashed lines mark the end of the wind-forced period and the beginning of
the relaxation wake period.
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ated the slab model performance and found that for strong
resonant events, the kinetic energy balance in the slab
ML model is unrealistic due to the lack of a damping
mechanism to transfer momentum between the ML and a

transition layer below. They found that the time scale
needed for this mechanism to be effective is only a frac-
tion of an IP, which is consistent with the diffusion proc-
ess time scale in our results.
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4.  Discussion

4.1  Vertical mixing contributed cooling
The results in C1 and C2 suggest that when wind-

current resonance occurs, a significant amount of momen-
tum is transferred downward. For such events, vertical
mixing is of great importance to the subsequent motions
and cooling in the upper ocean. This can be demonstrated
by additional numerical experiments with limited verti-
cal mixing ability. Cases 1a and 2(a) contrast to C1 and
C2, respectively, in that a constant vertical eddy viscos-
ity is applied to the calculations. Figure 10(a) shows the
vertical profile of the temperature differences for these
two pairs; the profile illustrates the relative importance
of mixing under different storm translation speeds. In the
forced period, C1-C1a exhibits large differences at a depth
near two cooling centers with a maximum temperature
difference of 2°C in the ML base. In the wake period, the
temperature difference increases to as much as 3°C and
appears at a depth of around 180 m, where the vertical
current shear is at a maximum. For slow-moving cases
C2-C2a in the forced period, mixing is also intense in the
ML base, in which the temperature difference reaches a
maximum value of 2°C. The maximum difference then
decreases to about 1.2~1.5°C in the wake period and shifts
to a lower layer at 100~200 m. The mid-thermocline con-
tinues to be the most affected layer. Overall, the tempera-
ture differences between C2 and C2a are less significant,
which indicates that the main cooling mechanism for C2
is upwelling. The cooling in C1, on the other hand, is
more mixing-dominant, where the application of a con-
stant vertical eddy viscosity results in much weaker cool-
ing. In fact, the difference between the 6~7 IP averaged
temperature profiles (Fig. 8(b)) of C1 and C2 serves to
illustrate this point, too. This figure shows that distinct
cooling is observed in the layer from 50~200 m, where
the cooling depends greatly on the ocean’s mixing abil-
ity. Since the upwelling in C2 is stronger, the entire wa-
ter column is cooled more uniformly, except in the sur-
face layer, where the influence of a fixed SST boundary
condition is large. Nonetheless, in C1, the mixing effec-
tively decreases the temperature in the ML base and a
compensating warming effect reduces the cooling mag-
nitude in this layer.

Along the cross-track direction, the temperature dif-
ference for (C1, C1a) and (C2, C2a) points to the same
conclusion, namely, restricted vertical mixing has less
effect on the cooling in slow-moving cases (Fig. 10(b)).
The upper 50-m averaged temperature difference appears
mainly on the right-hand side of the storm track, indicat-
ing that the mixing is mostly associated with the inertial
motion. Along 25.6°N (main cooling center), the tempera-
ture change caused by different vertical mixing
efficiencies is distinct only in the forced period. None-

(a)

(b)

Fig. 8.  (a) Time series of the magnitude of the vertical eddy
diffusivity in the upper 150 m for C1 (upper panel) and C2
(lower panel) at (119°E, 25.6°N). Units are cm2/s. Solid
contour interval is 200. Dotted line is contour value 5, which
is the value used in constant vertical eddy diffusivity run.
Dot-dashed lines mark the end of the wind-forced period
and the beginning of the relaxation wake period. (b) Com-
parison of 6~7 IP averaged temperature anomaly (line with
squares) and temperature profiles (line with circles) for C1
(open symbol) and C2 (closed symbol) at (119°E, 25.6°N).
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(a)

(b)

(c)

(d)

Fig. 9.  (a) Time series of the magnitude of the momentum vertical diffusion in the upper 100 m for C1 (upper panel) and C2
(lower panel) at (119°E, 25.6°N). Units are 10–2 cm/s2. Starting value and interval of the solid contour are both 0.3. Dotted
line is contour value 0.1. Dot-dashed lines mark the end of the wind-forced period and the beginning of the relaxation wake
period. (b) As (a) except for vertical advection. Note that the depth is extended to 250 m. (c) As (b) except for horizontal
advection. Note that areas in gray correspond to values above 2.7. (d) As (b) except for Coriolis force.

becomes the most distinct near-surface temperature dis-
crepancy between them.

4.2  Storm residence time and wind-current coupling
Price et al. (1994) suggested that the storm-induced

ocean cooling can be evaluated through the discussion of
three nondimensional parameters: the storm speed S, the
Burger number B, and the Rossby number Q. Both B and
Q contain the ML thickness as a parameter in their calcu-

theless, an interesting feature is observed in C1-C1a,
namely, the temperature difference centered at 26~27°N
fluctuates in the wake period with a maximum as high as
1.5°C. When compared with Fig. 5, it is evident that this
feature corresponds to the second cooling center of C1.
With limited vertical mixing, less energy is input to the
lower layers, which results in the smaller inertial motion
and reduced wake scale. Therefore, the second cooling
center in C1a is significantly weaker than that in C1 and
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(a)

(b)

Fig. 10.  (a) Comparison of the differences in the cooling profiles for C1-C1a (upper panel) and C2-C2a (lower panel) in 0~7 IP
at (119°E, 25.6°N). Contour interval is 0.5°C. Cooling exceeding 2°C is depicted by shaded area. Dot-dashed lines mark the
end of the wind-forced period and the beginning of the relaxation wake period. (b) Comparison of the upper 50-m mean
temperature difference of the cross-track transect at 119°E for C1-C1a (left) and C2-C2a (right) from 0 to 7 IP. Contour
interval is 0.3°C. Cooling exceeding 1.2°C is depicted by shaded areas. Dot-dashed lines mark the end of the wind-forced
period and the beginning of the relaxation wake period.
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lations to indicate the entrainment and upwelling strength.
On the other hand, S can be determined solely by exter-
nal storm parameters. Wada (2005) presented a dataset of
SST cooling and all three parameters are evaluated. It is
shown that a rapid SST cooling was accompanied by an
increase of Burger number and another period of cooling
correlates well with an increase of Rossby number. Ac-
cording to our model results, the increasing B indicates
an entrainment active response, so that S should suggest
a wind-current resonant condition, while an increasing Q
indicates an upwelling-dominated response when the con-
dition reverses. The S value calculated from the storm
dataset indeed is closer to 1 when B is increasing and is
much smaller when Q is increasing. In other words, the
cooling mechanism induced by a storm’s passage can be
inferred from the value of S, but other parameters are
needed to better quantify the cooling strength.

The importance of S arises because different storm
speeds result in a forcing of different frequencies and the
ocean responds accordingly. The major factor in generat-
ing a strong and persistent wake is the wind-current reso-
nance. It is known that the resonant response of the ocean
occurs as the wind fluctuation approaches the inertial fre-
quency; therefore, a nondimensional parameter such as S
is proposed to evaluate this condition. Greatbatch (1984)
introduced a parameter k = Uh/Lf, which measures the
ratio of the local IP (1/f ) to the storm residence time Ts
(L/Uh). The nondimensional storm speed S = πUh/4fRmax
introduced by Price et al. (1994) also measures this ratio.
The difference here is that Price chose the radius of the
maximum wind, Rmax, as the storm scale while in
Greatbatch’s study, L was estimated to be 2.4Rmax based
on the specific storm structure and wind stress field

adopted. In this study, k is calculated in storm-affected
regions as the ratio of the local inertial period to the pe-
riod when the wind is greater than 1 dyne/cm2 (i.e., IP/
Ts). The results at the point (119°E, 25°N) for C1, C2,
and two additional cases of Uh = 4.46 and 9.31 m/s are
shown in Table 1. The k value increases with the storm
speed or with a shorter residence time and it is closest to
1 in C4 among the four cases. The value of k suggests
that the C4 case satisfies the resonant condition most
closely, and should have the most intense response. How-
ever, comparison of the wind-to-ocean energy transfer rate
for the entire storm with respect to time for these four
cases shows that C4 is a weak, quick-passage case (Fig.
11). It is in C1 that a high transfer rate is observed, which
is evident from the resonant response of the ocean to the
moving storm.

The parameter k thus may not be a good indicator of
the resonant response for the fastest storm case, because
k measures the wind-current coupling based on the cal-
culation of the rotation time scale only, whereas some
important factors, such as the phase lag or velocity mag-
nitude, are not considered. In fact, the level of wind-cur-
rent coupling in our experiments can be evaluated by the
wind-to-ocean energy input rate, which is equal to the
inner product of the wind stress and the surface current.
To further illustrate the drawbacks of considering the
coupling based only on partial data, we can compare both
the magnitude of the inner product and the cosine value
of the angle between the wind stress and current vectors
for the four cases. The cosine value measures how these
two vectors coincide with each other in direction, while
the amount of energy actually entering the ocean is de-
termined by the energy transfer rate. Figure 12(a) shows
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Fig. 11.  Wind-to-ocean energy transfer rate for cases C1, C2, C3, and C4.
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(a)

(b)

Fig. 12.  (a) Distribution of the cosine of the angle between wind stress and surface currents for storms with different translation
speeds. The storm center is located around (120°E, 25°N). Negative values are denoted by dotted lines. (b) Distribution of the
wind energy transfer rate in mW/cm2 for storms with different translation speeds. The storm center is located around (120°E,
25°N). The contour interval is 0.1 and the negative value is depicted by the dotted line.



128 Y. Tsai et al.

Fig. 13.  Wind stress curl (dashed line, unit 10 × dyne/cm3) and current divergence (solid and dotted line, unit 10 s–1) for storms
with different translation speeds. Storm center is located around (120°E, 25°N).

the distribution of the cosine values when the storm is at
the domain center, and Fig. 12(b) shows the correspond-
ing energy transfer rate per unit area. The cosine value
plot is quite similar to figure 16 in Price (1981), in that
the stress is well coupled to the inertial currents on the
right-hand side of a moving storm. The coupling is par-
ticularly good in the rear right quarter of a storm because
in this region a current divergence center emerges at a
distance from the storm center and the currents are thus
turning in the same direction as the wind stress. It is evi-
dent that the vector direction coupling in the storm im-
proves with increasing Uh such that, for the fastest storm
case, only the left rear quarter has a negative value. The
coverage and magnitude of the positive value area be-
comes smaller when Uh decreases and the negative value
area grows out from the right rear quarter. This negative
value area corresponds to the region where the current
veers opposite to the wind stress, which is the following
convergence center. An alternate positive and negative
area of cosine values for a storm with a smaller value of
Uh is merely the result of a smaller along-track response
scale, wherein the current already turns a cycle, from
divergence to convergence, within the wind affected area.

Nonetheless, good directional coupling, such as that
in the fastest moving case C4, does not necessarily pro-
duce higher energy transfer rates. In case C4, the current
divergence center is so remote from the storm center that
the strong wind stress region does not overlap with the

strong current region (Fig. 13) and the directional cou-
pling in the strong wind region near the storm center even
becomes negative (Fig. 12). The transfer rate of wind
energy into the ocean in this case is thus the smallest
among all cases. Therefore, under identical wind stress
distributions, the wind-current coupling depends on the
location of the first current divergence center generated
behind the storm. The faster the storm moves, the farther
away the divergence center emerges behind the storm.
The resonant response may not be inferred directly by
the parameter k because in a sense it represents only the
directional coupling. An overlap of the large current re-
gion with the maximum wind region is also required for
large energy transfer into the ocean.

A good indicator of the degree of overlap is the rela-
tive distance between the storm center and the first cur-
rent divergence center. This distance is estimated to be
approximately 15%~20% of the along-track response
scale with increasing storm translation speeds. Figure 14
shows the correlation of the storm speed and the mean
distance between the storm center and the first current
divergence center for four cases. Their relationship ap-
pears to be linear and the factor between them, which is a
scale of time, is about 1/4 IP. This result is consistent
with the fact that, after the onset of a wind field, the sur-
face wind-driven current will sense the earth’s rotation
effect only after a quarter of the local inertial period. As
the inertial current emerges in the ocean response, the
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storm center already travels a distance of the order (Uh ×
1/4 IP) downstream. The inertial current in the upper
ocean will continue to receive energy input from the wind
field only when the storm is sufficiently great and there
is still appreciable overlap between the active wind re-
gion and the underlying inertial current field, together
with the proper directional coupling (C1 in Fig. 13).

5.  Conclusion
The upper ocean cooling induced by the passage of

a typhoon is studied using a 3-D primitive equation model
with higher vertical resolution in the ML and the
thermocline. The model retains the diffusion process,
which was often simplified in previous similar studies,
and uses the level-2 turbulence closure scheme to deter-
mine the vertical eddy viscosity and simulate the vertical
mixing. The results of numerical experiments with vari-
ous storm translation speeds show that the cooling inten-
sity by vertical mixing depends on whether or not reso-
nant wind-current coupling is induced. Considerable
downward momentum transfer occurs for resonance
events through the diffusion and advection processes when
the pressure gradient is negligible. The inertial motions
in the thermocline developed from this energy input, and
the vertical structure of horizontal velocity are dominated
by the first baroclinic mode in a few IPs. As the currents
in the ML and the thermocline established such coupling,
the inertial pumping in the upper ocean could then per-
sist for a longer duration into the wake period. This kind
of feedback from the thermocline to the ML cannot be

obtained from the slab ML model since it models the en-
trainment as a one-way process. For cases of weak wind-
current coupling, the downward energy transfer is re-
stricted and weak and thus the inertial oscillations decay
rapidly. This type of response is generally observed in
mid- and high-latitude regions because the residence time
for a typical typhoon (i.e., size 500 km moving at 5.5
m/s) is usually longer than the local inertial period. On
the other hand, a C1-type response is more frequently seen
in low-latitude region is because the inertial period is
longer and the resonance condition is easier to achieve.
This is why the ocean current data observed from many
moored instruments deployed in the South China Sea
show large downward energy transfer in several typhoon
passage events (Chen, 2006).

In either case, the storm-induced cooling is mainly
set up in the forced period. The temperature decrease in
this period is larger for the slow-moving storm because
of greater upwelling from a longer residence time. This
process allows the entire water column in the upper ocean
to cool uniformly. The mixing contributed cooling is simi-
lar in the ML of both cases but larger in the thermocline
of the fast-moving case. In addition, in the fast-moving
case when the wind-current resonance occurs, the active
mixing supported by the strong, persistent inertial cur-
rent vertical shear can enhance the ML cooling in the re-
laxation period. The temperature decrease in the upper
thermocline then reduces slightly as a result of the mix-
ing process. With no significant vertical shear generated
in the slow-moving case, the ML gradually warms up in

Fig. 14.  Distance between storm center and first current divergence center for storms with different translation speeds. Distance
is averaged over 21 sampling points uniformly distributed between about 105~135°E for each case except case 4, which
includes only 15 data points due to its rapid translation speed. Solid line is linear regression line and R is correlation coeffi-
cient for the data set.
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the wake period and the inertial current decays in 4~5
IP—a typical time scale for the observed storm response
events. Model simulations show that the slow-moving and
the resonant fast-moving cases can lead to similar cool-
ing intensities in the ML and the lower thermocline over
a longer time period. In the layer between them, the mean
temperature is higher for the resonant case because of
the stronger entrainment mixing.

The conventional nondimensional storm speed is
evaluated using the model results. This parameter is used
to measure the degree of wind-current coupling and is
calculated as the ratio between the storm wind rotation
time scale and the local inertial period. Since its concept
is based on the time scale only, a displacement of the
maximum current region from the maximum wind stress
region by increasing the storm translation speed eventu-
ally leads this parameter to fail. In such extreme cases,
the wind stress and current vectors may have good direc-
tional coupling, as indicated by this parameter, but the
wind work is in fact far from a resonance condition.
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