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[1] Water mass characteristics and volume transports of abyssal water flowing northward
into Wake Island Passage in the North Pacific Ocean were examined by carrying out
high-quality hydrographic surveys in May 2003, October 2004, and December 2005 along
with mooring observations from May 2003 to December 2005. Close linear relationships
between potential temperature (q) and salinity, dissolved oxygen, and silicate were seen
below q � 1.1�C (�4000 m). The relationships above q � 1.1�C were scattered and were
separated into relatively salty, oxygen-rich, silicate-poor water to the south, and water with
the opposite properties to the north. The results suggested that there was a boundary
between water masses at q � 1.1�C in the deep passage. In addition to the three
hydrographic sections, two hydrographic sections previously surveyed in the deep passage
in 1975 and 1999 were reexamined for transport estimates. Geostrophic calculations
relative to the q = 1.1�C surface indicated northward transports of the abyssal water from
0.5 to 2.2 Sv (1 Sv = 106 m3 s�1) below this surface. When 1-year mean estimated
velocities at q = 1.1�C surface were used for reference, mean transport from the five
estimates increased from 1.4 to about 4 Sv. The temperature of abyssal water colder than
1.1�C was found to have increased by an average of 0.012�C between 1975 and 2005.
This warming is greater than double the standard deviation from the temporal mean
temperature profile obtained from mooring observations.
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1. Introduction

[2] The abyssal waters of the Pacific Ocean are renewed
by flow from the Southern Ocean; there is no abyssal source
in the North Pacific Ocean. The northward abyssal flow
plays an important role in the earth’s climate as a part of
meridional overturning circulation. The northward abyssal
flow for the South Pacific was quantified at two sites by
moored current meter observations during the World Ocean
Circulation Experiment (WOCE) in the 1990s. East of the
Tonga-Kermadec Ridge (at 30.5�S), the transport was
evaluated as 15.8 ± 1.4 Sv (1 Sv = 106 m3 s�1) [Whitworth
et al., 1999; Hogg, 2001]. In the Samoa Passage and adja-
cent regions (10�S), the transport was evaluated as 10.6 ±
1.7 Sv [Roemmich et al., 1996]. For the North Pacific,
however, no study has quantified the transport on the basis
of mooring observations, before and including WOCE.

[3] Wake Island Passage (near 18�N, 169�E) connects the
Central Pacific Basin with the Northwest Pacific Basin
(Figure 1). Through Wake Island Passage, the coldest,
saltiest, most oxygen-rich and silicate-poor bottom water
is supplied to areas north of Wake Island Passage from its
southern source [Mantyla and Reid, 1983]. Although the
abyssal water properties in Wake Island Passage and adja-
cent regions were observed in 1975, no previous study has
provided a volume transport of the abyssal water through
Wake Island Passage, before and including WOCE. Wake
Island Passage was an observational gap in the WOCE
Hydrographic Programme (WHP); mooring observations of
the northward abyssal flow in Wake Island Passage were
proposed but did not occur in WOCE [Hogg, 2001].
[4] Transports of the Wake Island Passage abyssal flow

were estimated in two recent studies. One estimate is based
on conductivity-temperature-depth (CTD) with oxygen
observations in 1999 across Wake Island Passage and a
deep passage about 400 km south of Wake Island Passage
[Kawabe et al., 2003]. The other is based on 1-year (from
1999 to 2000) moored current meter observations in Wake
Island Passage [Kawabe et al., 2005]. Although Kawabe et
al. [2003] provided the first estimates of volume transport
of the abyssal water through Wake Island Passage, the
estimates showed inconsistent transports between the two
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sections (0.1 Sv northward for Wake Island Passage and
0.9 Sv southward for the deep passage just south of Wake
Island Passage). The inconsistency may result from the
choice of a zero-velocity surface for geostrophic calcula-
tion. Kawabe et al. [2005] provided the first estimates of
1-year mean (3.6 Sv) and variations (a range from �5.3 to
14.8 Sv) of the volume transport. However, the uncertainty
of the mean value was large (1.3 Sv) due to insufficient
data length to eliminate dominant 4-month variations. More-
over, the mooring data did not quantify a transport in an
additional western passage, which was estimated from a
single observation to be about 1 Sv northward [Kawabe et
al., 2003].
[5] To clarify water mass characteristics and to quantify

accurately the temporal mean and variations of volume
transport of the abyssal water into Wake Island Passage, we
carried out the Wake Island Passage Flux Experiment
(WIFE) from 2003 to 2005, which consisted of repeated
shipboard hydrographic surveys and mooring array obser-
vations along a line across a deep passage just south of
Wake Island Passage. Temporal mean and short-term
variability of the volume transport were evaluated by
means of geostrophic calculations from density measure-
ments by moored CTDs. Velocity measurements by
moored current meters were also used as reference veloci-
ties for the geostrophic calculation. These results from the
WIFE mooring observations are described in a separate
paper [H. Uchida et al., manuscript in preparation, 2006].
[6] The present study investigated water mass characte-

ristics of the abyssal water in the deep passage using the

WIFE shipboard hydrographic data to determine the extent
and volume of the northward flowing abyssal water. Taking
water mass characteristics into account, volume transports
of the abyssal water were estimated for the three WIFE
hydrographic sections in 2003, 2004, and 2005, and the
two previously occupied hydrographic sections in 1975 and
1999, using geostrophic calculations with an assumption of
a zero-velocity surface. Long-term change in the abyssal
temperature was also examined using the WIFE and
historical hydrographic data. Results describing short-term
variability in abyssal temperature derived from the hydro-
graphic observations from moorings were used to reinforce
the results concerning the long-term change in abyssal
temperature. Preliminary results from moored current meter
data were also used to examine long-term mean velocities
at the reference surface used for geostrophic calculations.

2. Hydrographic Observations

[7] The WIFE was designed to evaluate transport of
abyssal water flowing into the Northwest Pacific Basin
through Wake Island Passage (Figure 1). The WIFE obser-
vation line extended between the Marshall Seamounts and
the Wake-Necker Seamounts and was chosen to cross a
deep passage that connects the Central Pacific Basin to the
Northwest Pacific Basin. A total of three full-depth hydro-
graphic sections were obtained from 2003 to 2005. First, a
total of 9 CTD stations (Figure 1) were occupied on the R/V
Mirai cruise MR03-K02 from 27 to 30 May 2003. Second, a
total of 11 CTD stations were occupied on the R/V Hakuho-
maru cruise KH-04-4 leg 2 from 13 to 18 October 2004,
adding a station on each sidewall of the passage to the nine
stations from 2003. Finally, a total of 11 CTD stations were
occupied on the R/V Mirai cruise MR05-05 leg 2 from 16 to
19 December 2005. The moored array (Figure 1) was
deployed in the first cruise, replaced in the second cruise,
and recovered in the final cruise. An acoustic Doppler
current profiler was lowered along with the CTD at all
stations to obtain current profiles. A bottom-topography
map along the observation line was obtained from the
multinarrow beam echo sounder on board R/V Mirai in
2003 and 2005.
[8] During the WIFE cruises, continuous profiles of

conductivity, temperature, and dissolved oxygen were made
with an SBE-9/11plus CTD system equipped with an SBE-
43 dissolved oxygen sensor (Sea-Bird Electronics, Inc.,
Bellevue, Washington, USA) from the surface to within
10 m above the bottom in 2003 and 2005 and to within 20 m
above the bottom in 2004. In addition, a novel optode-
based oxygen sensor (Aanderaa Data Instruments A/S,
Bergen, Norway) was also used in 2005. Water samples
were collected using either twenty-four (2004) or thirty-six
(2003 and 2005) 12-l Niskin bottles mounted on an SBE-32
Carousel water sampler (Sea-Bird Electronics, Inc.).
Samples were collected at 250-dbar intervals below 2000
dbar (500-dbar intervals between 2000 and 3500 dbar in
2004). Accurate temperature measurements were made at
the same time as the water samplings using an SBE-35
reference thermometer (Sea-Bird Electronics, Inc.). All
water samples were analyzed for salinity, dissolved oxygen,
and nutrients (nitrate, nitrite, silicate, and phosphate).

Figure 1. Station locations from WIFE (open circles and
dotted circles, CTD stations; dotted circles, mooring
stations), cruise KH-99-1 leg 2 (triangles), and cruise
31WT2058 (squares). Bottom topography from Smith and
Sandwell [1997] bathymetric data set contoured at 1000-m
intervals. WIP, Wake Island Passage; WKS, Woden-
Kopakut Seamount; LS, Look Seamount; BA, Bokak Atoll;
PA, Pikaar Atoll.
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[9] Salinity (practical salinity units) of water samples
was measured with a salinometer (Autosal model 8400B;
Guildline Instruments Ltd., Ontario, Canada), which was
standardized with International Association for Physical
Science of the Oceans (IAPSO) Standard Seawater from
batches P141, P144, and P145 for the cruises in 2003,
2004, and 2005, respectively. Dissolved oxygen in water
samples was measured with two sets of automatic photo-
metric titrators (model DOT-01; Kimoto Electronic Co.
Ltd., Osaka, Japan). Nutrients were measured with an
autoanalyzer (TRAACS 800 system; BRAN+LUEBBE,
Norderstedt, Germany). Reference material for nutrients
in seawater (RMNS; The General Environmental Technos
Co. Ltd., Osaka, Japan) were measured on each cruise to
establish comparability of nutrient analyses between the
cruises [M. Aoyama, H. Ota, Y. Arii, S. Iwano, H. Kamiya,
M. Kimura, T. Kitao, S. Masuda, N. Nagai, and K. Saito,
Reference material for nutrients in seawater matrix, sub-
mitted to Papers in Meteorology and Geophysics; herein-
after referred to as Aoyama et al., submitted manuscript].
Analyses of CO2-system parameters (dissolved inorganic
carbon, total alkalinity, and pH), stable carbon isotope
(d13C), and radiocarbon (D14C) were performed in 2003.
Analyses of chlorofluorocarbons were also performed at
the three southernmost stations in 2005, although no
chlorofluorocarbons were observed above the detection
limits (0.02 pmol kg�1 for CFC-11 and 0.01 pmol kg�1

for CFC-12) below a depth of 1000 m. The variability in
data from water samples is summarized in Table 1. The
silicate data from 2003 were corrected using the results of
the RMNS measurements from the three cruises (see
Appendix A for details).
[10] The CTD pressure sensors were calibrated before

each cruise against a dead-weight piston gauge (Budenberg
Gauge Co. Ltd, Manchester, UK), and time drift for each
pressure sensor during the cruise was checked with the
pressure measurements on the ship’s deck. The accuracy of
the pressure data was estimated to be within 2 dbar based
on calibration results from the dead-weight piston gauge
against laboratory reference standards for effective area,
pressure, and mass, traceable to the National Institute of
Standards & Technology, USA. The CTD data were
corrected using the in situ reference temperature [Uchida
et al., 2007]. Both accuracy and precision of the CTD data

were evaluated as 0.0004�C. The CTD salinity and dis-
solved oxygen data were corrected using the in situ water
sample data. In 2005, high-quality CTD oxygen data were
obtained from the optode-based oxygen sensor. The vari-
ability of the CTD salinity and oxygen data is summarized
in Table 1.
[11] Only two previous hydrographic surveys examined

water properties or transport of abyssal water through Wake
Island Passage. One involved bottle observations during the
R/V Thomas Washington cruise 31WT2058 in 1975 by the
Scripps Institution of Oceanography, and the other used
CTD observations from the R/V Hakuho-maru cruise
KH-99-1 leg 2 in 1999 by the Ocean Research Institute,
The University of Tokyo [Kawabe et al., 2003]. These
previous hydrographic data from across the deep passage
were used for comparison to the WIFE hydrographic obser-
vations (Figure 1).
[12] The bottle data from 1975 were extracted from Reid

and Mantyla [1994] world data set. The data from stations
27 to 30 observed between 6 and 8 June 1975 and the
data of station 13 (the northern end station) observed on
24 May 1975 were combined to create a section spanning
the passage. Discrete samples for temperature, salinity,
dissolved oxygen, and nutrients (nitrate, nitrite, silicate,
and phosphate) were available at about 250-m intervals
below 2000-m depths. At each station, these data were
vertically interpolated at 1-dbar intervals by the piece-
wise cubic Hermite spline interpolation [de Boor, 2001].
Temperature data measured on the International Practical
Temperature Scale of 1968 (IPTS-68) were standardized
to the International Temperature Scale of 1990 (ITS-90) by
a linear approximation [Saunders, 1990].
[13] The CTD data from 1999 were the data from

stations A26 to A32 in the study of Kawabe et al.
[2003] observed on 6 and 7 February 1999, except that
data from stations A27 and A29 were not used because
maximum depths of observation (3683 dbar for A27 and
4802 dbar for A29) were fairly shallow for the estimation
of abyssal flow transport by geostrophic calculation.
Although Kawabe et al. estimated a transport of about
0.5 Sv between the Woden-Kopakut and Look seamounts
(Figure 1) as a part of the northward flowing abyssal
water, we did not use the data collected from between

Table 1. The Quality (Reproducibility) of Water Sample and CTD Data Obtained From the WIFE Cruises,

Including Standard Deviations for Standard Seawater Measurements and Replicate Samples of Salinity, Oxygen,

Silicate, and D14C Measured During the Cruisesa

Parameter

Year (Cruise Number)

2003 (MR03-K02) 2004 (KH04-4_2) 2005 (MR05-05_2)

Salinity (Standard Seawater) 0.0002 [12] 0.0005 [56] 0.0002 [109]
Salinity (Replicates) 0.0003 [48] 0.0004 [244] 0.0002 [665]
Oxygen (Replicates), mmol kg�1 0.13 [63] 0.24 [400] 0.08 [493]
Silicate (Replicates), mmol kg�1 0.26 [248] 0.13 [1373] 0.13 [4084]
D14C (Replicates), % 3.3 [11] Not sampled Not sampled
CTD Salinity-Water Sample Salinity 0.0003 [132] 0.0008 [113] 0.0003 [161]
CTD Oxygen-Water Sample Oxygen, mmol kg�1 0.41 [138] 0.61 [128] 0.08 [162]

aStandard deviations of the differences between the CTD and water sample data for depths below 2000 dbar from the WIFE
stations are also listed. The number of samples is shown in brackets.
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these seamounts since there was only one CTD station
with depths greater than 4120 m.

3. Water Properties

[14] The properties of the abyssal water entering Wake
Island Passage were examined using the extremely high-
quality hydrographic data set obtained in 2005 (Table 1).
Vertical sections of potential temperature (q), salinity,
density, dissolved oxygen, silicate, nitrate, and phosphate
were generated for the WIFE observation line for depths
below 2000 m (Figure 2). Analysis of D14C data from
2003 has been completed for only two stations so far
(Figure 2). Water masses in the WIFE section below
2000 m were sorted into two groups based on the

definition of water mass q classes in the Samoa Passage
of Johnson et al. [1994]. The bottom water, composed of
cold, salty, oxygen-rich, and silicate-poor water of
Atlantic Ocean origin, is referred to as modified North
Atlantic Deep Water (mNADW). The deep water, lying
above the mNADW and marked by a silicate maximum at
q � 1.4�C (�3000 m) (Figure 2e), originates in the
Northeast Pacific and is referred to as North Pacific Deep
Water (NPDW). The radiocarbon age difference between
the mNADW and the NPDW is estimated to be about
300 years, applying a decay rate of 1% every 8.3 years
[Emery and Thomson, 1998] to the difference (36%)
between the mean D14C data for a layer extending from
4000-m depth to the bottom and that for a layer from

Figure 2. Properties along the WIFE observation line for depths below 2000 m: (a) potential
temperature, q (�C); (b) CTD salinity (practical salinity units); (c) potential density anomaly (kg m�3)
referenced to 4000 dbar; (d) dissolved oxygen (mmol kg�1); (e) silicate (mmol kg�1); (f) nitrate
(mmol kg�1); (g) phosphate (mmol kg�1); and (h) D14C (%). All properties were sampled in
December 2005 except for radiocarbon, which was sampled in May 2003. Error bars for radiocarbon
show individual counting errors. Inverted triangles along the upper x axis denote CTD positions. Dots
indicate locations of the water sample data. Bottom topography shown was obtained from the
multinarrow beam echo sounder.
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