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Abstract

Ventilation, including subduction and obduction, in the North Pacific is
re-examined, based on SODA outputs and the Eulerian definition. The annual
subduction rate averaged from 2001 to 2004 is estimated at 49.8Sv; while the annual
obduction rate is 26.7Sv.

Furthermore, the annual subduction/obduction rate enhancement induced by
tropical cyclones in the North Pacific, defined as the difference between the annual
subduction/obduction rate for the cases including the mixed layer depth perturbations
induced by tropical cyclones and that for the cases without the perturbations, is
estimated. Based on SODA outputs and the mixed layer deepening obtained from a
hurricane-ocean coupled model, the annual tropical cyclone-induced subduction rate
enhancement averaged from 2001 to 2004 is estimated at 4.4Sv and the obduction rate
enhancement 5.2Sv; and such enhancement is mainly concentrated in the latitudinal

band from 10°N to 30°N.



1. Introduction

Watermass exchange between the surface layer and the permanent pycnocline
below is a key element of the oceanic general circulation and climate. The conception
of subduction dates back to Iselin (1939), who first suggested that water is pushed
down through the surface layer by Ekman pumping. Stommel (1979) recognized that
it is actually the flow leaving the base of a deep winter mixed layer that ventilates the
thermocline. This hypothesis is often called the Stommel demon, and it has been
followed by a number of ideal-fluid thermocline models and studies of subduction
rate diagnosed from the climatological data (e.g., Woods 1985; Huang 1990; Williams
1991; Qiu and Huang 1995; Williams et al. 1995; Marshall 1997).

Most subduction rate diagnostics from both observations (e.g. Qiu and Huang
1995; Karstensen and Quadfasel 2002) and model simulations (e.g. New et al. 1995;
Williams et al. 1995; Spall et al. 2000) have been based on the Stommel demon, i.e.
treating the mixed layer depth as a snapshot of its late-winter pattern and calculating
the ventilation rate in the steady limit. For instance, using a simplified version of the
model proposed by Woods (1985) and climatology, Qiu and Huang (1995) estimated
the annual subduction rate over the whole North Pacific at 35.2 Sv (1Sv = 10° m® s™)
and the obduction rate 7.8 Sv. However, in these studies the effects of climate
variability on interannual time scale or shorter was not addressed.

From the definition, the annual subduction/obduction rate is directly associated
with the vertical velocity, the variation of mixed layer depth, and the lateral induction

of fluid across the sloping base of the mixed layer; thus, the time variability of



velocity fields and mixed layer depth can both affect its diagnostics. In reality, during
some part of the seasonal cycle, the mixed layer is also controlled by small-scale
oceanic motions (Pollard and Regier 1992; Follows and Marshall 1994). Marshall
(1997) have discussed the possible importance of mesoscale eddies. Hazeleger and
Drijfhout (2000) suggested that south of the Gulf Stream extension eddies can
enhance the annual subduction rate by almost a factor of two. Qu et al. (2002)
estimated the annual subduction rate in the North Pacific at 61.6 Sv, in which the
mean flow contributes 49.0 Sv, mesoscale eddies 7.8 Sv, and small-scale eddies 4.6
Sv.

Valdiviseo et al. (2005) has shown that temporal changes of the mixed layer
make important contributions to subduction. In reality, there are various perturbations
inducing additional temporal changes of the mixed layer depth, which can be induced
by different physical processes, such as hurricanes!, mesoscale eddies, strong and
episodic cooling events associated with anomalous large-scale air-sea interaction on
the inter-annual time scale.

Tropical cyclone activity is a vitally important component of the atmospheric
circulation system at low- and mid- latitudes. Powerful wind-forcing of tropical
cyclones can induce strong turbulent mixing in the upper ocean and entrainment of
deep cold water into the mixed layer, resulting in cooling of the mixed layer water,

warming below the depth of pre-tropical cyclone mixed layer and deepening of the

! Hurricane, typhoon, and tropical cyclone have a similar meaning for the issues discussed in this
study.



mixed layer (Bender et al., 1993; Emanuel, 2001; Ginis, 2002).

Due to the huge amount of mechanical energy sustaining turbulent motions in the
upper ocean during the passage of a tropical cyclone, the mixed layer deepens. As
shown in Fig.1, the ocean can be conceptually separated into the mixed layer where
density is homogenized by the strong vertical mixing supported by energy from wind
stress and the stratified water below the mixed layer. As soon as water enters the
mixed layer, it would lose its identity due to the strong vertical mixing. After the
passing of a tropical cyclone, the mixed layer retreats, and the stratification in the
upper ocean is gradually restored to the pre-hurricane conditions. The restoration of
stratification in the upper ocean is a fairly complicated problem and it is a research
frontier, as discussed by Price et al. (2008); thus, our discussion here is limited to the
kinematical part of the problem only.

It can be readily seen from Fig.1la that during the hurricane-induced deepening
phase of the mixed layer, water from the pycnocline enter the mixed layer, leading to
obduction; since the transition between these two processes (mixed layer
deepening/shoaling) is relatively quick, water entrained into the mixed layer remains
close to the location where it leaves the pycnocline. During the second phase, the
mixed layer shoals and the upper ocean relaxes back towards the pre-hurricane
conditions. Part of water originally sits in the mixed layer is now left behind, i.e. it
flows from the mixed layer into the pycnocline. By definition, this corresponds to
subduction, as shown in Fig. 1b.

Note that, water entrained into the mixed layer from the pycnocline upstream



carries its properties from the pycnocline below; thus, it can enhance the
communication between the pycnocline and mixed layer. Due to convective mixing
water parcels entering the mixed layer quickly lose its identity, such as dissolved
oxygen, nutritive salts, chlorophyll etc. The duration of mixed layer deepening
associated with hurricane is relatively short; the mixed layer shoaling and
stratification restoration ensure, and water is detrained through the base of the mixed
layer and re-enters the pycnocline downstream. Thus, there is a quick switching
between the obduction phase and subduction phase. The subducted water can carry its
physical and chemical properties determined by the mixed layer processes, and these
properties are essentially conserved during and after subduction.

As discussed by Qiu and Huang (1995), in the ocean there are ambiductive
regions where both subduction and obduction take place and compensate for each
other. In a similar way, tropical cyclones can induce mixed layer deepening through
mechanical stirring; thus, they may enhance local obduction rate and subduction rate,
thus giving rise to ambiduction. Such ambiduction may play important roles in
regulating the oceanic circulation and ecosystem.

Recent study (Jansen et al., 2010) has shown that due to the mixed layer
deepening in the following winter, only about one quarter of the heat that is mixed
download by tropical cyclones eventually makes it into the permanent pycnocline, and
the other would be reabsorbed by the mixed layer and lost to the atmosphere.
Similarly, mixed layer deepening induced by tropical cyclones cannot be simply

regarded as the subduction/obduction rate enhancement induced by tropical cyclones



at the given station; water entrained into the mixed layer during the passage of
tropical cyclones may be originated from the seasonal pycnocline, rather than the
permanent pycnocline; similarly, water parcels released during the mixed layer
retreating period may be re-entrained into the mixed layer downstream. Therefore, the
calculation of subduction/obduction rate enhancement induced by tropical cyclones
must be carried out by following the exact definition of subduction/obduction.

In this study, we will be focused on annual subduction/obduction rate
enhancement (averaged over the time period from 2001 to 2004) induced by tropical
cyclones in the North Pacific. The data used in this study include SODA outputs and
the mixed layer deepening obtained from a hurricane-ocean coupled model.

This paper is organized as follows. In Section 2, we simply introduce the SODA
outputs and the mixed layer deepening induced by tropical cyclones obtained from a
hurricane-ocean coupled model. The subduction/obduction rate for the cases including
mixed layer depth perturbations induced by tropical cyclones at a given station is
discussed in Section 3. The annual subduction/obduction rate enhancement induced
by tropical cyclones in the North Pacific is estimated in Section 4. Finally, we

conclude in Section 5.

2. The datasets
a. SODA outputs
There are several versions of SODA (Carton et al., 2005), depending on the

experiment setup. \Version SODA2.0.2 is forced by ERA-40 wind stresses, and



assimilated all available data from hydrographic stations, XBTs, and floats, but does
not use satellite altimetry; this dataset is available for the time period 1958-2001.
SODAZ2.0.4 uses a merged product of QuickSCAT and the NCEP/NCAR reanalysis,
extends SODA2.0.2 from 2002 to 2007.

The monthly mean temperature, salinity and velocity fields of SODA2.0.2
(2000-2001) and SODAZ2.0.4 (2002-2005) are used in our calculation, which are
mapped onto a 0.5°x0.5° horizontal grid with 40 levels. The mixed layer depth is
defined as the depth at which o, (potential density) is 0.125 (kg/m®) greater than its
value at the sea surface. The horizontal velocities taken from SODA are directly used
in this study. Vertical velocity in our calculation is diagnosed from the
divergence/convergence of the SODA horizontal velocity; thus, it is quite noisy,
especially near the boundary. To overcome problems associated with such noisy
vertical velocity field, we first smooth the vertical velocity diagnosed from SODA
outputs (weighting 1-2-1 in zonal and meridional, respectively), and then set an upper
limit of 3.2x10® m/s (100m/yr). This choice of vertical velocity upper limit is based
on the physical reasoning that the contribution of vertical pumping is not larger than

100m/yr according to Qiu and Huang (1995).

b. The mixed layer deepening induced by tropical cyclones
The mixed layer deepening induced by tropical cyclones is obtained from a
coupled hurricane-ocean model, which consists of two independently developed and

tested models, that is, the axisymmetric hurricane model of Emanuel (1989) and the



reduced gravity ocean model of Cooper and Thompson (1989). The formulation of
both models has been described in detail in the cited references; the principle physical
processes, the balances, and the coupling procedure were described by Schade and
Emanuel (1999) and Liu et al. (2008). There are three layers in the ocean model: a
well-mixed layer on the top, a strongly stratified layer in the middle, and a deep and
stagnant abyssal layer on the bottom. Momentum is turbulently exchanged through
the air-sea interface. The atmospheric component of the coupled model is
axisymmetric in gradient wind and hydrostatic balance and consists of three layers: a
boundary layer and two tropospheric layers. On the whole, the ocean model is forced
by the surface wind field constructed from the axisymmetric flow in the hurricane
model plus the translation velocity of the hurricane. In turn, the hurricane model is
forced by an axisymmetric SST field constructed through azimuthal averaging of the
SST field around the center of the hurricane obtained from the ocean model.

Using the hurricane-ocean coupled model, we calculated the mixed layer
deepening induced by over 140 tropical cyclones from 2001 to 2004 in the North
Pacific. The mixed layer deepening for an individual tropical cyclone is defined as the
difference between the mixed layer depth before the arriving of a tropical cyclone and
the maximal mixed layer depth obtained from the coupled model at a given station
during the passage of the tropical cyclone. The distribution of the total mixed layer
deepening averaged from 2001 to 2004 is shown in Fig. 2. As well known, there is a
possibility that several tropical cyclones can pass through the same grid point within

one year. In order to understand how much water is entrained into the mixed layer by



tropical cyclones, this figure shows the accumulated mixed layer deepening, that is, if
there are N tropical cyclones passing through a given station in one year and each
time the mixed layer deepening is denoted as dh;, then the total annual mixed layer
deepening induced by tropical cyclones at this station is defined as the sum of these
individual cyclones, i.e. dH = Z?:ldhj . It is readily seen that mixed layer deepening
induced by tropical cyclones are mostly confined in the latitudinal band from 10°N to
30°N.

The mixed layer deepening associated with tropical cyclone is directly linked to
water mass exchange through the base of the mixed layer. Thus, it can affect the
annual mean obduction/subduction, and the accurate calculation is described in the

following section.

3. Subduction/obduction rate for the cases including mixed layer depth
perturbations at a given station

Owing to the strong wind associated with the tropical cyclones, large amount of
mechanical energy can induce strong mixing in the upper ocean, leading to deepening
of the mixed layer. After the passing of the tropical cyclone, the mixed layer gradually
restores to the initial state with a typical e-folding time scale of 5-20 days (Nelson,
1998; Price et al., 2008). For simplicity, we assume that perturbation of mixed layer
depth induced by a tropical cyclone at a given station is in the following form:

h, =dh-sin((t—t,, +AT /2)- 7/ AT),t,, —AT /2<t <t +AT /2, (2)

where h;. is the mixed layer depth perturbation induced by the tropical cyclone, dh
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is the amplitude of mixed layer deepening at the given station, t. is the arriving
time of the tropical cyclone, and AT the duration of the perturbation.

As an example, the annual evolution of mixed layer depth at the station
(153.75°E, 16.75°N), including the perturbations due to the passing tropical cyclones
is shown in Fig. 3, where the background seasonal cycle is taken from SODA outputs
in 2001, and there are two perturbations induced by tropical cyclones, that is, in this
year two tropical cyclones affect this station. The amplitude of the first perturbation is
115.2 m and the occurring time is 287" day according to the results from the coupled
model; while the amplitude of the second perturbation is 12.4m and the occurring time
is 343" day. In addition, the duration of the perturbations is set as AT =14days .

Mixed layer depth perturbations induced by tropical cyclones are mostly
confined in the latitudinal band from 10°N to 30°N, where the mixed layer typically
reaches the maximum in late winter, with the amplitude of seasonal variation on the
order of 20-120m. Furthermore, due to the activity of the tropical cyclones, the
amplitude of additional mixed layer perturbation in the North Pacific is on the order
of 100m (Liu et al. 2008), which is of the same order as the amplitude of seasonal
variation of the mixed layer depth. The large-amplitude perturbations associated with
tropical cyclones can produce rapid and larger amplitude mixed layer
deepening/shoaling, thus alternating the subduction/obduction rate at a given station.
Our discussion will be focused on the case when the tropical cyclone passes the
station where the subduction/obduction rate is calculated.

In the western North Pacific, the tropical cyclone usually moves northwestward,
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with a relatively fast speed, on the order of a few meters per second. On the other
hand, in the corresponding latitudinal band, the subducted water moves
southwestward, with a relatively slow speed, on the order of centimeters per second.
These two types of trajectories cross each other, and the effect of a tropical cyclone
can be treated as an isolated perturbation that lasts only a short time. Thus, the
stations along the water parcel trajectories downstream can be considered as
uninfluenced by the tropical cyclone. That is, the role of the tropical cyclone can be
considered as an event confined to a relatively narrow vicinity of space and time
along the water parcel trajectory in the calculation of subduction. Similar argument

also applies to the calculation of obduction.

a. The annual subduction rate
We start with the definition of the instantaneous detrainment rate (e.g., De

Szoeke 1980; Cushman-Roisin 1987)

oh,
ot

D= _(me + U, 'th + ), (3)
where the subscript mb denotes the mixed layer base, W, and U., are the vertical
and horizontal velocities at the base of mixed layer, and N, the depth of mixed layer.
Since only effective detrainment contributes to subduction, the annual subduction rate
in Eulerian coordinates can be defined as the accumulation of the effective
detrainment in one year:

1

T
Se =7 . Ddt, (4)

where T=1year, T* and T are times when effective detrainment starts and ends,

S
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which are determined by tracing trajectories of water parcels (released at the base of
mixed layer) downstream for one year. If the water is re-taken by the rapid mixed
layer deepening downstream, the detrainment is ineffective. Only if the water parcels
finally enter the permanent pycnocline, the detrainment is considered effective, and
thus contributes to subduction.

However, the Lagrangian definition requires a careful scrutiny for the cases
including a large-amplitude perturbation. In Lagrangian coordinates, the annual
subduction rate is defined along the first effective subducted trajectory (Qiu and
Huang, 1995):

S, =W, +%(hm0 “h,), 5)

where W, is the vertical velocity averaged over the one-year trajectory, h , and

m,0

h,,, denote the mixed layer depths along the first effective trajectory at the beginning
and ending time, respectively. Although using the first effective trajectory is a
convenient choice and it works in the normal cases, close scrutiny reveals, however,
such a choice may not be able to reflect the contribution of tropical cyclones. No
matter how large is the tropical cyclone-induced perturbation in the mixed layer depth,
the annual subduction rate calculated by this approach remains the same. Thus, the
traditional Lagrangian definition is not suitable in studying the contribution to
subduction induced by large amplitude perturbations in the mixed layer depth
associated with tropical cyclones. It seems clear that if the Lagrangian coordinate is
used to study the subduction induced by tropical cyclones, new definitions must be

introduced. Thus, in the present study, the Eulerian definition will be used.
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As an example, subduction rate based on Eulerian definition is calculated at a
given station (153.75°E, 16.75°N). The mixed layer depth consists of two terms, the
regular seasonal cycle and the tropical cyclone-induced perturbations, which is set as
shown in Fig. 3. Moreover, the regular mixed layer depth and the vertical and
horizontal velocities in the upper ocean are directly taken from SODA outputs in year
2001,

We calculate the annual subduction rate for both the cases with and without the
mixed layer depth perturbations, Table 1. It is readily seen that the perturbations of
mixed layer depth add on 49.5 m/yr to the annual subduction rate. More interestingly,
there are two windows of effective detrainment, as shown in Fig.4. For the cases
without the perturbations induced by tropical cyclones, the duration of effective
detrainment is 33 days from March to April, with a small contribution each day
(Fig.4a). However, for the case including the effect of tropical cyclones, there is
additionally a second window of effective detrainment corresponding to the
multi-peak phenomenon in the variation of the mixed layer depth. The additional new
window is rather narrow due to the rapid passing of the first tropical cyclone; however,
the daily contribution within the second window is much larger, Fig.4b. On the other
hand, it is readily seen that the perturbations induced by the second tropical cyclone at
the end of 2001 have no effect on the local subduction rate.

To understand how the perturbations can contribute to the annual subduction rate,
we carried out some additional analysis about the annual subduction rate at the given

station (153.75°E, 16.75°N), with the normal subduction rate of 40.8 m/yr, Tablel.
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The first perturbation shown in Fig.3 was used as an example to study the sensitivity
to the amplitude of perturbation (a), the occurring time of perturbation (b), and the
duration of perturbation (c) (Fig.5). It is readily seen that for the case including small
amplitude perturbations (small maximal mixed layer deepening induced by tropical
cyclone), the perturbations have no effect on the annual subduction rate. However, if
the amplitude of perturbations is larger than a critical value (50.8m for the present
case), the annual subduction rate is enhanced rapidly with the increase of the
perturbation amplitude, Fig. 5a. In Eulerian coordinates, the enhancement of
subduction rate is insensitive to the occurring time of perturbation from September to
October, Fig.5h. On the other hand, for the present case the annual subduction rate is a

little sensitive to the duration of perturbation, Fig. 5c.

b. The annual obduction rate

The annual obduction rate for the cases including mixed layer depth
perturbations can be defined in a way very similar to the annual subduction rate. First,
it can be defined in Eulerian coordinates,

0, =—~(" Ddt 6

E __? Te 1 ( )

where T and T,° are the starting and ending times of effective entrainment in one
year.

In the same way, the traditional Lagrangian definition based on the last effective

obducted trajectory cannot reflect the effect of perturbation induced by tropical

cyclones. Thus, the following discussion about obduction rate for the cases including
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perturbations will be based on the Eulerian definition.

As an example, we used the same cases above for the calculation of subduction
enhancement induced by mixed layer depth perturbation. Note that without
perturbations in the mixed layer, the annual obduction rate is zero for the present case
as it is true for the interior of a subtropical gyre interior. The sensitivity of the annual
obduction rate is as follows: (d) with various amplitude of perturbation; (e) with
different arriving time of the tropical cyclone; (f) with different duration of
perturbation, Fig. 5. If the amplitude of the mixed layer perturbation is smaller than a
critical value, the annual obduction rate remains zero. When the perturbation
amplitude is larger than the critical value (62.9m for the given station), the annual
obduction rate would increase with the enhancement of the mixed layer perturbation
amplitude.

Furthermore, for the present example the enhancement of obduction rate is
sensitive to the occurring time of perturbation, Fig.5e. In addition, the annual
obduction rate is insensitive to the duration of perturbation, Fig. 5f.

It is worthwhile to note that there are many factors which can affect the
subduction/obduction rate induced by tropical cyclones, such as the seasonal cycle of
mixed layer depth at the given station, the three-dimensional structure (u, v, w, mixed
layer depth) in the ocean, the amplitude, occurring time and duration of perturbation
induced by tropical cyclones. It is rather complex, and the above results was only for
the given station (153.75°E, 16.75°N) in the year 2001. If the perturbation was

applied to another station, the result may be different.

16



4. Enhancement of subduction/obduction rate induced by tropical cyclones in the
North Pacific

Tropical cyclones constitute a critical component of climate system and they
vary greatly in their location and strength; thus, the subduction/obduction rate
enhancement induced by an individual tropical cyclone at a given station may not be
representative for their contribution to the basin-scale ventilation rate. Each year,
there are many tropical cyclones; thus, a more objective approach is to estimate the
accumulated contribution from these tropical cyclones. Our focus in the following
discussion is the total contribution of tropical cyclones to the basin-integrated
subduction/obduction rate.

Here, we estimate the annual subduction/obduction rate enhancement induced by

tropical cyclones in the North Pacific averaged over years 2001 to 2004, which is

defined as:
STc = Stot - SNoTc J (73.)
OTc = Otot - ONoTc ) (7b)

where S, /O, is the subduction/obduction rate enhancement induced by tropical

/10,

cyclones; S,,/0,,

ot is the annual subduction/obduction rate for the cases including the
perturbations induced by tropical cyclones and S, ;. /O,,;. for the cases without the
perturbations. In order to identify the roles of tropical cyclones, the annual

subduction/obduction rate for the cases with and without the perturbations induced by

tropical cyclones are both calculated using the Eulerian definition.
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a. Subduction/obduction rate in the North Pacific from SODA outputs without
tropical-cyclone induced perturbations

We begin with calculating the subduction/obduction rate from SODA outputs
only and without tropical-cyclone induced perturbations. According to the Eulerian
definition, we should first determine the time period of effective
detrainment/entrainment; however, the monthly datasets was too sparse to accurately
capture the starting and ending time of effective detrainment/entrainment in one year.
Thus, the daily mean data obtained by linear interpolation, replacing the original
SODA outputs, was used to examine the annual subduction/obduction rate in the
North Pacific in this study. For a given station, water parcels are released/received
once per day and the corresponding one-year trajectory forward/backward in space
and time are traced with a regular interval of two days to ascertain whether it is
effective. The total annual accumulation of subduction (obduction) at a given station
is calculated by summing up the daily effective detrainment (entrainment) at this
station. Any trajectory which intersects the mixed layer downstream/upstream during
the corresponding one-year period is defined as ineffective and the contribution
associated with the corresponding starting (ending) day of such a trajectory is set to be
zero.

The distribution of the annual subduction rate in the North Pacific averaged from
2001 to 2004 is shown in the upper panel in Fig. 6. It is readily seen that subduction
mainly takes place in the subtropical basin, and the pattern of subduction rate are

essentially similar to that of Qiu and Huang (1995), which was calculated from
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Levitus (1982) climatological data according to the Lagrangian definition. However,
the total volume flux from the mixed layer to permanent pycnocline integrated over
the whole North Pacific is estimated at the value of 49.8 Sv, which is much larger than
Qiu and Huang’s result of 35.2 Sv.

The large difference between our result and Qiu and Huang’s result may be
attributed to the following factors: (1) the difference between Eulerian and Lagrangian
definitions; (2) the difference between the dataset generated through data simulation
and the climatological dataset based on hydrographic observations; (3) the difference
between the velocity obtained from a numerical model and the velocity inferred from
hydrographic data and based on the dynamical calculation using a reference level; (4)
the difference between the mean obtained by averaging over different years in our
current calculation and the climatological calculation, as reported by Qiu and Huang
(1995), due to the nonlinearity rectification (Trossman et al., 2009; Liu and Huang,
2011) . These factors are discussed in detail in a separated paper (Liu and Huang,
2011); thus, we do not address this issue in this study. However, it is worthwhile to
note that the validity of SODA outputs in calculating ventilation rate has been proved
by Liu and Huang (2011). According to their result, based on Lagrangian definition,
the subduction rate using the climatologically mean SODA is similar to Qiu and
Huang’s (1995) result; in addition, the subduction rate based on SODA outputs
year-by-year is similar to that from OFES (Qu and Chen, 2009). Therefore, it can be
concluded that such datasets can be used to analysis the subduction rate.

Similarly, the annual obduction rate, shown in the lower panel in Fig.6, is similar
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to the result from the Lagrangian definition, which mainly takes place in the subpolar
basin and the intergyre boundary. And the annual obduction rate in the North Pacific

averaged from 2001 to 2004 is 26.7 Sv.

b. The subduction/obduction rate enhancement induced by tropical cyclones in the
North Pacific

We now turn to the calculation of the annual subduction/obduction rate in the
North Pacific for the case including mixed layer depth perturbations induced by
tropical cyclones. In this case, the mixed layer depth perturbations induced by tropical
cyclones will be added to the daily-mean mixed layer depth obtained by linear
interpolation from SODA outputs. It is well known that there is a possibility that
several tropical cyclones can pass through the same grid point within one year, in this
calculation each perturbation induced by a tropical cyclone should be added to the
background daily-mean mixed layer depth from SODA, as shown for the station
(153.75°E, 16.75°N) in Fig.3.

The mixed layer depth perturbation induced by a tropical cyclone at a given
station is idealized as a simple sinusoidal function of time, Eq. (2), as discussed above.
As discussed in previous studies, after the passing of a tropical cyclone, the wake left
behind in the ocean would relax back to the pre-hurricane state over the time period of
5-20 days (Nelson, 1998; Price et al., 2008). Therefore, for simplicity the duration of
the perturbation is set at 14 days.

Based on these settings, the annual subduction/obduction rate for the cases
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including the tropical cyclone-induced perturbations is calculated, and then the
subduction/obduction rate enhancement induced by tropical cyclones is calculated
according to Eq. (7).

The annual subduction rate enhancement induced by tropical cyclones in the
North Pacific averaged from 2001 to 2004 is shown in Fig. 7 (upper panel) and the
total subduction rate enhancement is estimated at 4.4Sv. Although the subduction rate
enhancement induced by tropical cyclones is only 8.8% of that based on the smoothed
monthly mean data, most of this subduction is concentrated within the latitudinal band
from 10°N to 30°N, consistent with the spatial distribution of the mixed layer
deepening.

The effect of the tropical cyclones on the subduction rate can be divided into two
cases, as shown in the upper panel in Fig.7. The first is that the perturbation induced
by tropical cyclones can increase the annual subduction rate at the stations the tropical
cyclones pass through. However, for the stations around the regions where tropical
cyclones occur, the forward trajectories may be intersected by the additional
perturbation induced by tropical cyclones, and then the time period of effective
detrainment may be cut down, the corresponding subduction rate at the this station
could decrease.

The lower panel in Fig.7 shows the distribution of the annual subduction rate for
the cases including the tropical cyclone-induced perturbations averaged from 2001 to
2004. The left is the meridional distribution of the zonal integrated results, where the

black line is the subduction rate for the cases without the perturbations and the red
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line is that for the cases with the perturbations. From the meridional distribution, it is
readily seen that tropical cyclones greatly enhance the annual subduction rate in the
10°-30°N latitudinal band.

Similar situations appear in the distribution of the annual obduction rate, Fig. 8.
The total obduction rate enhancement induced by tropical cyclones is estimated at 5.2
Sv, 19.5% of the obduction rate based on the smooth monthly mean data. And in the
same way, the effect of tropical cyclones to obduction rate can be divided into two
cases. First, it may increase the local obduction rate. Second, for the stations from
which the trajectories (used to check whether it originates from the permanent
pycnocline) are intersected by the perturbations induced by tropical cyclones, the
annual obduction rate can be reduced.

Although the annual subduction/obduction rate enhancement induced by tropical
cyclones are much smaller than that based on the monthly mean data, it may play a
quite important role in many aspects of marine environment. Since stratification in
tropic ocean is strong and the hurricane-induced subduction/obduction enhancement
occur mainly in summer and autumn, tropical cyclones may play an important role in
the oceanic general circulation and climate. Furthermore, tropical cyclones induced
subduction/obduction enhancement may have important role in the transfer of carbon

dioxide and other tracers between the upper ocean and pycnocline.

5. Conclusion

Subduction/obduction is a key index for the study of oceanic general circulation
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and climate. In this study, ventilation in the North Pacific is re-examined using the
Eulerian definition and SODA outputs. Averaged over the period of 2001 to 2004, the
annual subduction rate in the North Pacific, which mainly takes place in the
subtropical basin, is 49.8Sv; the annual obduction rate, which mainly occurs in the
subpolar basin and the region near the inter-gyre boundary, is 26.7Sv.

The annual subduction/obduction rate enhancement induced by tropical cyclones
in the North Pacific is estimated based on SODA outputs and the mixed layer
deepening obtained from a hurricane-ocean coupled model. Averaged over the period
of 2001 to 2004, the annual subduction rate enhancement is 4.4 Sv and the obduction
rate enhancement is 5.2 Sv, and such enhancement is mostly confined to the latitudinal
band from 10°N to 30°N in the Western Pacific.

Our study is only the first step toward unraveling the complicated roles of
tropical cyclones in the oceanic ventilation. There are several factors which may
induce errors. First of all, the time scale of restoration of stratification is most
certainly variable from case to case (Price et al., 2008); however, in the present study
the duration of perturbations induced by all tropical cyclones are assumed to be 14
days; such a simplification may induce errors. Second, only the effect of mixed layer
depth perturbation induced by tropical cyclones has been examined in our study, but
other dynamical effects have been omitted for simplicity. For example, it is well
known that the wind stress associated with the tropical cyclones can induce Ekman
upwelling near the center of typhoon and downwelling away from typhoon’s core. As

a result, tropical cyclones can alter the vertical velocity along the primary trajectory in
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the vicinity of the tropical cyclone’s pathway, and thus affect the annual
subduction/obduction rate. The complicated dynamical effects of tropical cyclones
omitted in the present study should be examined in further study. Third, the
data-processing, such as, the usage of model vertical velocities, and the
pre-processing processes performed to derive the SODA datasets, may induce large
errors. It is difficult to quantify the errors associated with above processes; however,
the errors in our estimated subduction and obduction rates could be on the order of
10%.

In addition, several recent studies have focused on the important role of TC
stirring in the global heat budgets of past climates (Emanuel, 2002; Korty et al., 2008;
Jansen and Ferrari, 2009; Fedorov et al.,, 2010; Jansen et al., 2010), the
ocean-atmosphere CO2 exchange (Bates et al., 1998) and its biological effect (Babin
et al., 2004). However, the impact of subduction/obduction enhancement induced by
tropical cyclones to the oceanic general circulation remains unclear at the present time.
For example, tropical cyclones are active in late summer and autumn, and the annual
subduction/obduction take place mostly in late winter. A natural question is then, how
does the subduction/obduction enhancement induced by tropical cyclones affect the
oceanic general circulation? To answer these questions further study is clearly needed
and we hope this study will stimulate interest in exploring the contribution of tropical

cyclones in the oceanic general circulation and climate.
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