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ABSTRACT

The Luzon Undercurrent (LUC) was discovered about 20 years ago by geostrophic calculation from

conductivity–temperature–depth (CTD) data. But it was not directly measured until 2010. From November

2010 to July 2011, the LUC was first directly measured by acoustic Doppler current profiler (ADCP) from

a subsurface mooring at 18.08N, 122.78E to the east of Luzon Island. A number of new features of the LUC

were identified from the measurements of the current. Its depth covers a range from 400m to deeper than

700m. The observed maximum velocity of the LUC, centered at about 650m, could exceed 27.5 cm s21, four

times stronger than the one derived from previous geostrophic calculation with hydrographic data. According

to the time series available, the seasonality of the LUC strength is in winter . summer . spring. Significant

intraseasonal variability (ISV; 70–80 days) of the LUC is exposed. Evidence exists to suggest that a large

portion of the intraseasonal variability in the LUC is related to the westward propagation of mesoscale eddies

from the east of the mooring site.

1. Introduction

A southward flow under the Kuroshio to the east of

Luzon Island was found by Hu and Cui (1989, 1991) from

an inversionmanipulation with conductivity–temperature–

depth (CTD) data from three fall cruises in 1986, 1987,

and 1988. They claimed that the flow was below 500m

with a maximum velocity of 6–7 cm s21 and a transport

of about 2 Sv (1 Sv [ 106m3 s21). This flow was later

named the Luzon Undercurrent (LUC) by Qu et al.

(1997), who used hydrographic data from 14 cruises in

either fall or spring from 1986 to 1991, confirmed the

existence of the southward-flowing LUC, and claimed its

maximum speed of 7 cms21 at about 700m and mean

geostrophic volume transport of 3.6 Sv. In the last 15 years,

studies on the LUC were focused on its characteristics

or origin (e.g., Qu et al. 1998, 1999; Xie et al. 2009; Gao

et al. 2012; Wang and Hu 2012).

Currents in the upper 500-m layer along the 188200N
section were directly measured by a shipborne ADCP in

December 2006 and January 2008 (Kashino et al. 2009)

though the records are too shallow to capture the LUC.

As a matter of fact, there was no direct current mea-

surement of the LUC in previous studies until a sub-

surface current mooring equipped with an ADCP was

deployed at about 18.08N, 122.78E in November 2010

and recovered in July 2011 from research vessel Science

1. The deployment of this subsurfacemooring is a part of

the field experiment of the Northwestern Pacific Ocean

Circulation and Climate Experiment (NPOCE), which

was endorsed by Climate Variability and Predictability

(CLIVAR)/World ClimateResearch Programme (WCRP)

in 2010 as an international joint program. NPOCE is

designed to observe, simulate, and understand the dy-

namics of the northwestern Pacific Ocean circulation and

its roles in the climate system (for details please see http://

npoce.qdio.ac.cn). In the area to the east of Luzon, the
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other observations carried out have implemented CTDs,

lowered ADCPs, Argo floats, and so forth. In addition to

the above, observations using subsurface moorings and

other measurements were also conducted to the east of

Mindanao Island by the NPOCE program. Based on the

current data from the mooring to the east of Luzon Is-

land, some new features of the LUC are ferreted out and

presented in the present paper.

2. Data and methods

a. ADCP data processing

The data collected from the subsurface mooring at

about 18.08N, 122.78E are applied in this study. A sche-

matic diagram (nonproportional) of the mooring config-

uration is depicted in Fig. 1a. The mooring was equipped

with an upward-looking 75-KHz Teledyne RD Instru-

ments (TRDI) acousticDoppler current profiler (ADCP),

while an ALEC conductivity–temperature (CT) and an

ALECCOMPACT temperature–depth (TD)were placed

12m below the ADCP. Above the acoustic release

(Benthos 865A), a Recording Current Meter 11 (RCM11)

was attached at 1400-m depth.

The in situ temperature and salinity data measured by

CT and TD are applied to calculate the in situ sound

speed and bin length and then correct the original

ADCP velocity data (Urick 1983; Kutsuwada and Inaba

1995; TRDI document ‘‘Long Ranger Data Analysis’’).

The ADCP measured velocity every 30min in 60 bins at

depths ranging from about 200 to 700mduring the entire

period. The successive values including velocity and

depth were first averaged to build up hourly data for

each layer, and then the velocity data were interpolated

vertically at standard depths of 1-m vertical resolution.

Finally, hourly velocity data at standard depths were sub-

sampled to construct daily data. In this paper, these daily

data are used to investigate the currents at the mooring

site. It can be told from the orientation data of ADCP

that the mooring line was tight and tensed enough dur-

ing the whole observation period and the errors caused

by pressure linear interpolation could be minor enough

to be negligible. As the depth of ADCP was quite stable

except for a few days from 27 to 30April 2011, the errors

induced by the up–down motion of the buoy were not

taken into consideration.

b. Satellite data and HYCOM assimilation

The Delayed Time (DT) Updated (Upd) merged

weekly gridded sea level and corresponding surface

geostrophic current data from December 2010 to July

2011 are produced by the Data Unification and Al-

timeter Combination System (DUACS) and distrib-

uted by Archiving, Validation, and Interpretation of

Satellite Data in Oceanography (AVISO)/Centre Na-

tional d’�Etudes Spatiales (http://www.aviso.oceanobs.

com/duacs/, viewed on 2 May 2012).

FIG. 1. (a) Simplified schematic diagram (nonproportional) of the configuration of the subsurface mooring buoy.

(b) Time mean of 11-day running mean meridional component of velocity (i.e., V; black line) with std dev (gray)

during the observation stage at the station 18.08N, 122.78E.
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The eddy-resolving Hybrid Coordinate Ocean Model

(HYCOM) assimilation from Naval Research Labora-

tory (NRL) is used to examine the role of the mesoscale

eddies around the mooring site in the variability of

the LUC. They are daily data with variable horizontal

(6.5-km grid spacing on average, 3.5-km grid spacing at

the North Pole), and vertical (32 hybrid layers including

0, 10, 20, 30, 50, 75, 100, 125, 150, 200, 250, 300, 400, 500,

600, and 700m in the upper 700m) meshes. Observations

including SSH [Envisat, Geosat Follow-On (GFO), and

Jason-1], all available satellite and in situ SST, all avail-

able in situ temperature and salinity profiles (e.g., Argo

floats, CTDs, moorings), and Special Sensor Microwave

Imager (SSMI) sea ice concentration are assimilated with

the three-dimensional multivariate optimum interpola-

tion Navy Coupled Ocean Data Assimilation (NCODA)

system (Chassignet et al. 2009). The quality of the

HYCOM assimilation is examined in section 3c(2).

3. Results

a. Features of LUC exposed

The time-averaged meridional velocities V in each

layer are shown in Fig. 1b. Between 424 and 689m, the

currents are southward with a maximum speed of about

9 cms21 around 645m, corresponding to the core of LUC.

To remove the tidal effect, a central 11-day running

mean is applied to the daily velocity data because main

FIG. 2. Daily meridional current as a function of depth and time in mooring data. Tidal effect

is excluded with an 11-day running mean. The contour interval is 10 cm s21. Negative values

denote southward currents and positive values indicate northward currents.

FIG. 3. Depth–time plot of 20–90-day bandpass-filtered time series of the meridional current

anomaly.
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tidal periods here are found to be shorter than 10 days,

and the resultant currents are shown in Fig. 2. The cur-

rents above about 300m are northward, which should be

part of the Kuroshio. From about 400 to 700m, the

currents are southward, representing the LUC. How-

ever, the currents are northward at all depths from

21 March to 15 May 2011. So far it is still unknown

whether this is caused by a shift of the LUC route from

the mooring spot or by other sudden events in the sub-

surface, which we do not know yet. During the whole

observation period from boreal winter to midsummer,

the maximum speed of the southward currents could

exceed 27.5 cm s21 near the core of LUC at about 650m,

which is about four times stronger than 6–7 cm s21

geostrophically calculated by Hu and Cui (1989, 1991)

and Qu et al. (1997). At the same time, the maximum of

the northward flow below about 200m, which should be

a part of the Kuroshio, is approximately 43.1 cm s21 at

about 225m during the whole period. As there are no

observations above 200m, the core of the Kuroshio

cannot be determined with the obtained data available.

In addition, the strongest LUC takes place in the boreal

winter (December) at 450–700m,while theweakest in the

boreal spring (around April, Fig. 2). Thus, from the ob-

served time series available, the LUC seasonality seems to

be that LUC (winter). LUC (summer). LUC (spring),

which is in accordance with the result of a previous study

using geostrophic calculation (Qu and Lukas 2003).

b. Intraseasonal variability

As shown in Fig. 2, there are 5 LUC cores during the

whole period of the observation, which suggests a sig-

nificant intraseasonal variability (ISV) of the LUC. To

demonstrate the ISV of the LUC, a 20–90-day bandpass

filter is applied to the daily meridional current anoma-

lies relative to the mean over the whole period. A

striking feature in VISV (intraseasonal filtered series) is

the regular ‘‘bands’’ (Fig. 3), indicating significant ISV

with a period from approximately 70 to 80 days (about 6

‘‘bands’’, i.e., 3 cycles in 233 days). To simplify the dis-

cussion, we define seven segments 1, 2, 3a, 3b, 4, 5a, and

5b as the ISV of the observation periods between 21

November 2010 and 5 January 2011, 6 January 2011 and

8 February 2011, 9 February 2011 and 19 February 2011,

TABLE 1. Vertical phase speeds of ISV (i:e:,wISV), westward-

propagating speedU, and eddy-induced vertical phase speed weddy

in each segment.

Segment number

1 2 3a 3b 4 5a 5b

wISV (mday21) 88 88 349 288 50 27 270

U (cm s21) 5 9 7 7 11 9 7

weddy (mday21) 87 148 220 113 43 67 58

FIG. 4. (a)–(h) Monthly-mean surface geotropic currents anomaly around the mooring site from December 2010 to July 2011 based on

satellite data. The gray dot denotes the mooring. A reference vector is provided in (a).
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20 February 2011 and 20March 2011, 21March 2011 and

30 April 2011, 1 May 2011 and 30May 2011, andMay 31

2011 and 24 June 2011, respectively.

Another striking feature in Fig. 3 is the nearly parallel

slope of the ‘‘bands’’ vertically and it seems that the ISV

phase propagates downward in segments 1, 2, 3a, 4 and

5a, but upward in segments 3b and 5b. The ISV vertical-

propagating speed wISV between two depths can be

roughly estimated by calculating the lead-lag time be-

tween them for each segment. As shown in Fig. 3, wISV

(vertical phase speed of ISV) at different depths are

quite different. For this reason, we estimate wISV every

50m vertically and then calculate the vertical-meanwISV

of each segment (see Table 1). The mechanism of the

vertical propagation (both downward and upward) of

the ISV phase will be discussed in the following section.

c. What causes the ISV of the LUC?

Previous studies show that the mesoscale eddy can

affect the mean flow significantly, including subsurface

currents (e.g., Roemmich andGilson 2001; Qiu and Chen

2010; Zhao and Luo 2010; Zheng et al. 2011). In addition,

subthermocline eddies were found and could cause the

intraseasonal variability of the subsurface currents off

Mindanao Island (Firing et al. 2005; Dutrieux 2009; Qu

et al. 2012). Thus, both surface and subthermocline

eddies could play essential roles in the formation of the

LUC ISV.

1) RESULTS BASED ON OBSERVATIONS

It is indicated by surface geostrophic current anoma-

lies from satellite data that mesoscale eddies are ener-

getic to the east of the mooring (Fig. 4). They switch

between cyclonic and anticyclonic eddies alternatively

and last for 2–3 months. The normalized areal-mean

(17.628–18.268N, 122.338–123.008E) sea level anomaly

(SLA) and surface meridional current anomaly (Vs)

from satellite data are compared with the ADCP mea-

sured velocities (VISV) at different depths. SLA and Vs

are 3–13-week bandpass filtered, and VISV is 20–90-day

bandpass filtered. Power spectrum of SLA (Fig. 5c) and

that ofVs (Fig. 5d) both show sharp peaks of about 70–90

days, which agrees well with the dominant period of the

observed subsurface currents. That indicates mesoscale

eddies to the east of Luzon Island going intrasea-

sonally. It can be found through comparing Fig. 3 with

Fig. 4 that a strong cyclonic eddy in December 2010

corresponds to a weaker Kuroshio and stronger LUC,

while an anticyclonic eddy in March–May 2011 corre-

sponds to a stronger Kuroshio and weaker LUC. The

FIG. 5. (a)–(d) Comparison of satellite data (SLA and Vs) with ADCP measurements (VISV). (a) Thin lines from

black to blue are VISV at depths from 313 to 689m with 1-m interval, while thick red and gray lines denote 450-m VISV

and Vs.

JULY 2013 HU ET AL . 1421

朝晖
高亮



eddies indicated in the figures of other months demon-

strate the same relationship. Therefore, it can be inferred

that the Kuroshio and the LUC are out of phase.

It is found from Fig. 5 that the currents at 313–689m

are closely related to the surface current Vs. The cor-

relation coefficients between them are from 0.45 to 0.86

with confidence level above 99%. That indicates that the

LUC ISV and the surface currents are highly related.

2) RESULTS WITH NRL HYCOM ASSIMILATION

As there are few in situ field observations in the sub-

surface ocean, it is very difficult to display a full process

of impact of surface or subthermocline eddies on the

subsurface currents. Hereinafter, we present some facts

of the interaction between mesoscale eddies and the

LUC with HYCOM assimilation. Figure 6 illustrates

some features of the LUC in the assimilation. Though

the LUC core in HYCOM assimilation is relatively

deeper than the observed, their values are nearly the

same (Fig. 1b and Fig. 6a). Correlation between the

assimilation and mooring data is statistically significant

at 95% confidence level (Fig. 6b). On intraseasonal

time scales, the LUC ISV in observations can be re-

produced in the eddy-resolving HYCOM assimilation

on both phases and periods except for segments 5a and

5b (Fig. 3 and Fig. 6c). As observed, ISVs at some

depths in segments 3b and 5b propagate upward. Thus,

in general HYCOM assimilation can be used for the

LUC ISV analysis.

Time-averaged horizontal current anomalous field

of each segment at 400-m depth is shown in Fig. 7.

Obviously, mesoscale eddies at 400m around the moor-

ing site are significant and their patterns are similar

with surface current in satellite data (Fig. 4). These

westward-propagating eddies cross the mooring and

might play a role in causing the LUC ISV.

3) WHAT DETERMINES ISV VERTICAL

PROPAGATION DIRECTION AND SPEED?

As mentioned above, the LUC ISV signal propagates

vertically with certain speeds and directions in various

segments. It is indicated through analysis that the LUC

FIG. 6. Quality inspection of HYCOM assimilation from the perspective of the LUC. (a) The climatological

current along about 188N in HYCOM assimilation; (b) correlation between HYCOM result (Fig. 6c) and observa-

tions (Fig. 3) at 400-, 500-, and 600-m depths; and (c) as in Fig. 3, but for HYCOM assimilation.
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ISV should result from the westward propagation of

mesoscale eddies. Therefore, the effect of the zonal

moving speed and vertical structure of these eddies is

the real cause for the ISV vertical propagation direction

and speed. Consequently, the key is how to determine

the zonal speed of the eddy westward motion U and its

vertical structure (slope of the eddy S), which, in what

follows, are estimated with use of the NRL HYCOM

assimilation.

1) To determineU: The westward-propagating speed of

an eddy U can be roughly estimated by use of the

satellite sea level anomaly, as shown in Table 1. For

various segments,U values are within the range of 5–

11 cm s21 with an average of about 8 cm s21, which is

very close to the 9.2 cm s21 provided by Qiu and

Chen (2010) for the subtropical countercurrent re-

gion (188–258N, 1358–1708E).
2) To determine S: The vertical structure of an eddy can

be illustrated in a vertical section of its meridional

velocity anomaly y0. To the subsurface ocean, y0

between 300 and 700m is shown in Fig. 8. A

significant feature in Fig. 8 is that almost all the y0

isolines are slanted. In the case of the slanted y0

isolines, the horizontal westward movement of the

eddy must induce a vertical phase propagation ISV

at certain fixed point. Since the mesoscale eddies

propagate westward and the radii of most eddies are

larger than the distance between the mooring and

coast (Fig. 4), the vertical phase propagation of LUC

FIG. 7. (a)–(g) Time-averaged horizontal current anomaly of each segment at 400-m

depth, in HYCOM assimilation.
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ISV results only from the slanted y0 isolines to the left
(by looking northward) of the eddy (Fig. 8). In what

follows, we calculate the phase propagation with the

slanted y0 isoline to the left of the eddy with the

HYCOM assimilation.

Then, the vertical phase propagation speed weddy can

be calculated as follows:

weddy 5US , (1)

where S5Dz1/Dx1 and Dx1 and Dz1 are roughly de-

termined by the heavy black y0 isolines marked in

Fig. 8a. As the vertical resolution of HYCOM assimi-

lation is 100m, the slope of the eddy (i.e., S) can be es-

timated every 100m. Based on the zonal speed of eddy

propagation (i.e.,U; Table 1) and heavy black y0 isolines
(Fig. 8), weddy in each segment is estimated every 100m

and then the vertical average ofweddy is easily calculated

(Table 1).

It is found from Table 1 that the magnitudes of weddy

andwISV are approximately of the same order except for

the ones for 3b and 5b, which might be caused by poor

HYCOM assimilation for subthermocline eddies.

In addition, the maximum ISV signal in segment 5b

occurs at about 650-m depth, which is different from the

other segments (Fig. 3). As suggested by Qu et al. (2012),

the mesoscale fluctuations (50–100 days) in the sub-

surface oceanmight be a result of subthermocline eddies

that aremostly invisible at the sea surface. Unfortunately,

the LUC ISV in segments 5a and 5b are poorly repro-

duced inHYCOMassimilation and sowe could notmake

any definite conclusion up to now. Further investigation

on subthermocline eddies off of Luzon Island and their

role in LUC ISV is needed.

4. Summary and conclusions

The direct measurements of the LUC obtained for the

first time are presented and some new characteristics of

FIG. 8. (a)–(g) Averaged meridional velocity (color and lines) section along about 188N
in all segments from HYCOM assimilation. The heavy blue line denotes the mooring

position. Note that the color scales and contour intervals are different in different panels.

Warm (cold) colors denote a northward (southward) current anomaly. The heavy black

isoline is marked to roughly represent the eddy boundary.
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the LUC are displayed. The maximum velocity of the

LUC could exceed 27.5 cm s21, which is about four times

stronger than the reported results in previous studies.

The seasonality of the LUC from the direct measure-

ments available at the mooring location is derived: LUC

(winter) . LUC (summer) . LUC (spring). It is also

found that the currents to the east of Luzon Island at

188N, possess significant ISV from 70 to 80 days. From

analysis of the satellite data and HYCOM assimila-

tion, it is suggested that the westward movement of

mesoscale eddies from the east might be the key for the

LUC ISV. The westward-propagating speed and ver-

tical structure of the westward-propagating eddy de-

termine the phase speed and direction of the LUC ISV

vertical propagation. In addition, the westward prop-

agation of the eddy from the east causes the Kuroshio

and the LUC to be out of phase on intraseasonal time

scale.

Finally, it must be pointed out that the LUC dis-

appeared and a northward flow took place in the whole

observed column for about 50 days during the period

from March to May. The cause of the event is still un-

known. It may be due to either a shift of the LUC route

from the mooring spot or a sudden event taking place

during that period, which deserves further study.
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