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Abyssal flow pathways in the Yap Trench and adjacent regions were investigated by
computing geostrophic flows and analyzing water properties. Using boundary values of
potential temperature, salinity, oxygen, and silicate, the upper and lower Circumpolar
Deep Waters (UCPW, LCPW) were identified as the main abyssal water masses in the
trench. At the western East Mariana Basin, some of the LCPW enters the southern
Mariana Trench, and the remainder reaches the northern basin and then partly turns to
the northern Mariana Trench, eventually joining the southern trench. At the Yap-Mariana
Junction, some LCPW enters the West Mariana Basin, and the remainder passes the
region east of the Yap Trench and then flows or subsides to the northern and southern
trenches, respectively. In the northern trench, the LCPW flows north into the West
Mariana Basin. The UCPW enters the northern Yap Trench via the East Mariana Basin
and the Mariana Trench, reaches the sill of the Yap Trench via the East Caroline Basin
and a narrow channel, and enters the southern trench via the East/West Caroline and
Philippine Basins. The UCPW and LCPW circulate anticlockwise in the southern trench
and in the northern region of it, respectively. The LCPW may be driven by the downwelling
in the trench.

Keywords: yap trench, geostrophic flows, lower circumpolar deep water, upper circumpolar deep water, abyssal
flow pathway, basin and trench

INTRODUCTION

Global ocean circulation plays a crucial role in mediating climate change and in sustaining the
marine environment by transporting water, heat, materials, and organisms. Clarifying the abyssal
circulation in the Northwest Pacific is therefore an important task in oceanography. The abyss is the
water zone exceeding 3000 m in depth (Macdonald et al., 2009; Hautala, 2018).

Johnson and Toole (1993) and Kawabe and Taira (1998) proposed that the abyssal water of
the Northwest Pacific consists of Lower Circumpolar Deep Water (LCPW or LCDW) and North
Pacific Deep Water (NPDW). The oxygen-rich LCPW is characterized by its relatively high salinity
and low silicate content. The NPDW is characterized by high silicate concentration. The LCPW
and NPDW correspond to a potential temperature 8 <1.2°C at depths greater than ~3500 m and
0 >1.2°C at depths less than ~3500 m, respectively (Kawabe and Fujio, 2010; Wang et al., 2020). After
passing through the Samoan Passage, the LCPW enters the Central Pacific Basin and bifurcates
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into western and eastern branches (Kawabe and Fujio, 20105
Voet et al., 2015; Wang et al., 2020). The west branch passes
through the Melanesian Basin and then the East Mariana
Basin, ultimately flowing into the West Mariana Basin and the
Philippine Basin (Kawabe and Fujio, 2010; Huang et al., 2018;
Wang et al., 2020). The east branch enters the Northeast Pacific
where it undergoes upwelling and is transformed into the NPDW
(Kawabe and Fujio, 2010). The trench gyre may be generated by
the upwelling/downwelling of the LCPW driven by the abyssal
circulation and blockage by the ocean ridge (Kawabe and Fujio,
2010; De Lavergne et al., 2017; McDougall and Ferrari, 2017). In
addition, the NPDW can be transported westward to the East
Mariana Basin in a layer less than ~4000 m (Siedler et al., 2004;
Kawabe and Fujio, 2010). After passing the eastern side of the
Solomon Rise and flowing into the equatorial Pacific, an Upper
Circumpolar Deep Water (UCPW) branch enters the Philippine
Sea by way of the East Caroline Basins, the West Caroline Basins,
and the East Mariana Basin (Kawabe et al., 2003; Kawabe et al.,
2006; Kawabe and Fujio, 2010; Wang et al., 2020; Tian et al,,
2021). These previous studies have provided a general picture of
abyssal circulations of the Northwest Pacific.

The Yap Trench is an important segment of the arcuate
trench system in the Northwest Pacific, linking adjacent basins
and trenches (Figure 1). As mentioned above, previous studies
have shown that abyssal water in the Mariana-Caroline regions
(containing the Yap Trench) consists of LCPW, UCPW, and
NPDW. Observations (e.g., Kawabe et al., 2003; Ma et al., 2019;
Wang et al., 2020; Jiang et al., 2021) have shown that these waters
flow into the West Mariana Basin through the Yap-Mariana
Junction channel. Siedler et al. (2004) found that channels at
the Yap-Mariana Junction and Caroline Ridge were essential for
water transportation and that the water in the East Mariana Basin
flows into the East Caroline Basin. Liu et al. (2018) suggested
that abyssal water in the northern Yap Trench originates in the
East Mariana Basin and East Caroline Basin. In the southern Yap
Trench, observations (Liu et al., 2020) indicated that water flows
southward in the western region of the trench and northward in
the eastern region, and the overall transport is southward.

The complex bottom topography and immense size of the
deep zones made it difficult to understand the abyssal circulation
of the Yap Trench and its connection with adjacent basins and
channels. However, over the last few decades, a number of
investigations have been performed in this region, including
several sections across the Yap Trench. Observations along
the slopes of the northern and southern Yap Trench have been
conducted using the submersible Jiaolong (Liu et al., 2018; Liu
et al., 2020). This research vehicle can dive to more than 7000 m
equipped with dozens of instruments including a conductivity-
temperature-depth profiler (CTD) and sampling apparatus
(Liu et al., 2010). The above observations along with historical
observations provide the possibility to further clarify regional
abyssal circulation and to construct an image of the pathways of
abyssal water in the Yap Trench.

In the study presented here, we used available observational
data to reveal the pathways of abyssal water in the Yap Trench
and adjacent areas. The data and methods used in this study are
firstly introduced. The section of results and analysis presents the

computed abyssal geostrophic flows. And then, we discussed the
water properties and flow paths in the Yap Trench and adjacent
region. Finally, a brief summary is presented.

DATA AND METHODS
The Study Region

The study area includes the Yap Trench and adjacent trench and
basins (Figure 1). The basins include the West Mariana Basin,
the East Mariana Basin, the West Caroline Basin, and the East
Caroline Basin. The adjacent trench is the Mariana Trench. The
Yap Trench is ~700 km long with a maximum depth of ~8527 m
(Fujioka et al., 2002), and separated into northern and southern
parts by a sill. The northern part and the Mariana Trench are
connected by the Yap-Mariana Junction, which is located at the
south of the West Mariana Basin. The southern part is connected
with the West Caroline Basin and forms an important segment of
an arc trench system in the Western Pacific. At the sill, the Yap
Trench is connected to the East Caroline Basin by a long channel
between two ocean ridges.

The topography data we used in this study are from the
General Bathymetric Chart of the Oceans (GEBCO_2014),
which has a resolution of 30 arc-second and can be accessed
over the internet (http://www.gebco.net/data_and_products/
gridded_bathymetry_data/). In this paper, only abyssal water
was studied.

Date and Processing

We used observations collected during Chinese Ocean Cruises
Nos. 37 and 38 led by China Ocean Mineral Resources R&D
Association and supported by the National Key Basic Research
Program of China. These applied oceanic scientific expeditions
took place aboard the research vessel Xiangyanghong 9 with the
deep-sea manned submersible Jiaolong. Cruise 37 was conducted
during May 14-22, 2016 along the section across the northern
Yap Trench at ~9.87°N (NY in Figures 1, 2D). Eight observation
sites were selected around the trench slope. Three casts were
conducted using ship-based CTD (SBE (Sea-Bird Equipment)
911 plus) and a dissolved oxygen sensor (JFE Alec Co. RINKO I).
The submersible Jiaolong made five deep dives with a set of CTD
(SBE 49 FastCAT) and a dissolved oxygen sensor (the RINKO I).
The data were used to construct vertical profiles of temperature,
salinity, and dissolved oxygen. The maximum depths were 3008
5917 m for the casts and 4950-6740 m for the dives. Cruise 38
took place during June 3-13, 2017, along a section that crossed
the southern trench at 8.04°N (SY in Figures 1, 2D). Four casts
and five dives were conducted using the same instruments as
during Cruise 37. The maximum depth was 4487-5952 m for
the casts and 4187-6685 m for the dives (more details can be
referred in Liu et al., 2018, Liu et al., 2020). Before the cruises,
the above instruments were calibrated at National Center of
Ocean Standards and Metrology commissioned by the National
Deep Sea Center. The raw data were processed using the standard
procedures of SBE V7.2 software to obtain water temperature,
salinity, density, and oxygen concentration in a 1-m interval grid.
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FIGURE 1 | Bathymetry and sampling sections in the Yap Trench (YT) and adjacent regions. SYT, the southern YT; NYT, the northern YT, MT, Mariana Trench;
YMJ, Yap-Mariana Junction; PT, Palau Trench; WCB, West Caroline Basin; ECB, East Caroline Basin; WMB, West Mariana Basin; EMB, East Mariana Basin; PB,
Philippine Basin; SR, Solomon Rise. Nos. 37-38 cruise sections: NY, SY. WOD sections: zonal Y1 in SYT and WCB; zonal M1 (blue cross marks) and M2 (yellow
dots) across the middle YT, the channel, and EMB; YM (black triangles), a zonal/meridional section across MT; YM1, at 140°E in MT and WMB; W1, at 134°E in
PB; WM1 (black crosses), in WMB across SYT, WM2 (blue circles), at 137°E in WMB; WC1 (inverted black triangles) along 137°E across SYT and WCB; WC2 (red
crosses), in WCB; WC3 (purple crosses) at 137°E in WCB; E1 (red crosses), in EMB and ECB; E2, at 144°E in ECB across MT; E3, in EMB across MT.
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FIGURE 2 | (A) Meridional geostrophic flows at section NY in northern Yap Trench. Positive and negative values correspond to northward and southward currents,
respectively. Submersible Jiaolong dives at stations D109-D113 are denoted by dashed lines. (B) Potential density o, at NY. (C) Meridional geostrophic transport
volume (from the reference level to a depth) at NY, the northward is positive. (D) Patterns of water transportation at sections NY, SY, M1, and M2 (black dots:
Jiaolong diving; red dots: ship-CTD). AW, abyssal water; HW, hadal water. At NY, dashed arrow line: upper water flow; solid line: deeper water flow. The purple line
is section A at the northern trench (Liu et al., 2018). M1 (black crosses) and M2 (purple circles) are two observation sections of WOD18. At the sill, the dashed arrow
line denotes upper flow.
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After that, the abnormal values were eliminated manually to
ensure good quality of the data. The accuracy of SBE 49 FastCAT
CTD s 0.002°C for temperature and 0.0003 S m™! for conductivity.
The accuracy of SBE 911 Plus CTD is 0.001°C for temperature
and 0.0003 S m™! for conductivity. The Thermodynamic Equation
of Seawater 2010 (TEOS-10) was calculated using the Gibbs
Sea Water (GSW) Oceanographic Toolbox (http://www.teos-
10.org/). Concentrations of dissolved oxygen and silicate were
manually analyzed on board by testing water samples according
to the specifications for oceanographic survey (Standardization
Administration of China, 2008). Dissolved oxygen was measured
following the classic Winkler iodometric titration procedure:
successively add 1-ml manganese chloride solution (2.4 mol I'!
MnCl,) and 1-ml alkaline potassium iodide (6.4 mol I NaOH,
1.8 mol I'' KI) into a 120-ml water sample, after dissolving
solution by adding sulphuric acid, drop the required amount of
standard sodium thiosulfate for titration of precipitated iodine,
and finally obtain the concentration of dissolved oxygen by
conversion. Silicate was determined by the silico-molybdenum
spectrophotometry method using a continuous flow analyzer
(SKALAR San++), after filtration of the 500-ml water sample
through 0.45-pm cellulose acetate fiber filters, which were soaked
in the 1% hydrochloric acid solution (HCI) for 12 hours and
washed with distilled water to a neutral pH.

Historical CTD data were used for the region 133-150°E and
0-20°N in the west Pacific Ocean. The dataset was obtained from
the World Ocean Database 2018 (WOD18) (https://www.nodc.
noaa.gov/OC5/WOD/pr_wod.html). Fourteen cruise sections
in the study region provided data on temperature, salinity,
density, and oxygen. WOD data for silicate are described in the
discussion section about water properties. The sites and dates of
the investigations are shown in Figure 1 and Table 1.

Computation of Geostrophic Flows

Zonal or meridional geostrophic flows at observation sections
were computed from observed CTD data using the thermal wind
relation:

TABLE 1 | Information on observations of WOD18 in the Yap Trench and
adjacent areas.

Section Cruise Investigation time Maximum observation
No. depth (m)
Y1 10725  November 15-17, 1996 5989
M1 26606  February 16-22, 1989 5104
M2 40848  August 29-September 3, 2015 5155
YM 10725  October 13-18, 1996 5955
YMA1 41003  September 17-22, 1998 5142
Wi 30734  December 1-6, 1997 6056
WM1 35038  July 15-23, 2010 5509
WM2 38389  June 23-27, 2011 5462
WCH 41810  July 31-August 4, 2016 6002
WC2 35077  August 2-4, 2010 4564
WC3 35077  August 13-16, 2010 5012
E1 39079  December 23-31, 2011 5978
E2 30734  December 10-12, 1997 5887
E3 41003  September 24-28, 1998 5691

& Fop, .

=y, +—=—| —d

T ko 0
8 op ..

=v, - +d

V=19, fpo":)ax VA (2)

where (u, v) and (u,, v,) are geostrophic velocities at the depth
z and at the reference level z,, respectively; g is the gravitational
acceleration; fis the Coriolis parameter; p and p, is the potential
density and characteristic potential density, respectively.
Because the near-bottom flow is usually faster than above for
deep circulation (Wang et al., 2011), the level of no motion is
chosen from a level which is well above seafloor with relatively
weak pressure gradient (Siedler et al., 2004). Based on previous
studies of the abyssal regions and adjacent trenches and basins
(Johnson and Toole, 1993; Taira et al., 2005; Huang et al., 2018;
Liu et al,, 2018; Liu et al., 2020), the reference level for this study
was chosen as 3000 m. At this weak circulation level, zonal and
meridional velocities across the sections are set to be zero.

RESULTS AND ANALYSIS

Geostrophic Flows in the Yap Trench
Geostrophic meridional flows along section NY in the northern
Yap Trench were determined based on CTD data (Figure 2A). In
the upper abyssal layer at depths less than ~3800 m, water flows
southward with except for the region between D112 and D111,
where potential density at D111 is higher than that at D112 at
a same depth (Figure 2B). Below that layer, the flows travel
northward with velocities at the west flank of the trench notably
faster than at the east. Below 5000 m, the largest value is ~0.15
m s}, where the large horizontal gradient of potential densities
exists (Figure 2B). Nevertheless, between D111 and D112, the
water at the depths of ~4000-5000 m flows southward, because
the isopycnal of potential density is lower at D111. These flows
are illustrated in Figure 2D. The net transport of abyssal water in
the northern trench is northward (Figure 2C), mainly along the
west slope of the trench. The total net transport across the section
is estimated as ~4.5 Sv (1 Sv =10° m?s!).

Figures 3A, B show the geostrophic meridional flows relative
to the reference level along sections M1 and M2 at the trench sill,
respectively, which cross the sill between the northern and the
southern trench (Figures 1, 2D). Water flows northward in the
trench and southward at both flanks of the trench (Figure 2D).
Two investigations in different seasons (February/winter and
August/summer) basically show consistent patterns of water
transport in the meridional direction.

Figure 4A illustrates the meridional flows at section Y1 across
the southern trench. Generally, at the isobar levels the potential
densities in the trench are lower than those in the east region,
and thus the flows are northward in the trench and the adjacent
region in the West Caroline Basin. In the abyssal layer above
~3800 m at the western region of the trench, the flow direction
is southward (illustrated in Figure 4D). Figures 4B, C show the
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zonal flows at sections WM1 and WCI across the southernmost
region of the Yap Trench, respectively. Both sections indicate
eastward flows in the abyssal layer above 4500 m where the
isopycnal of potential density is lower. In the deeper zone, only
one station was observed at each section, hence, the data is not
enough to construct deeper flows in the southwest of the trench.

Geostrophic Flows at Yap-Mariana
Junction

Meridional and zonal flows at section YM along the southwestern
Mariana Trench are shown in Figures 5A, B. In the region
from ~138.7°E (the western side of the junction) to ~142.5°E,
water generally flows southward, except for the upper layer
(above ~3400 m) east of ~140.5°E. The flows are northward along
the rest of the section, where the isolines of potential density are
tilting and lift from west to east (Figure 5A). Along the trench
section at ~145°E, water flows westward, except for the upper
layer in the northern area. These results describe the water
transportation pattern at the junction and trench, as shown in
Figure 5D. The water in the Mariana Trench flows to the region
east of the Yap Trench. In the region east of the junction, upper
abyssal water moves to the West Mariana Basin. On the west
flank of the junction connected to the basin, upper abyssal water
flows southward to the Yap Trench.

Zonal flows crossing section YM1 are shown in Figure 5C.
Deeper abyssal water below ~3500 m travels westward in the
northern part of the Mariana Trench channel and the region
north of the channel (11-12°N) at ~140°E, while the water above
3500 m in this area flows eastward (illustrated in Figure 5D).
This water may consist of returned water from the West
Mariana Basin.

Geostrophic Flows in the East

Caroline Basin

Figure 6A illustrates the zonal flows at section El in the East
Caroline Basin. Spanning from 3.5°N to 6.5°N in the basin, the
section is normal to the channel connecting the basin and the Yap
Trench. It can be seen that water mainly flows westward across the
section, especially in the zones of 4.5-5.5°N and 6-6.5°N, which
are directly connected to the channel (Figure 6C). In the zones,

the potential density at isobar levels is lower, corresponding to the
fresh water (less saline) transported from the East Mariana Basin.
Zonal flows along section E2 are illustrated in Figures 6B, C.
Flows are westward at 6-8°N crossing the channel. Results at
these two sections indicate that abyssal water moves to the East
Caroline Basin, passing by the east slope of the Solomon Rise,
and then partly flows to the channel (Figure 6C).

Our results are supported by previous research about flow
pathways of the UCPW in this region (Kawabe et al., 2003;
Kawabe et al., 2006; Kawabe and Fujio, 2010; Liu et al., 2018;
Wang et al., 2020). According to Kawabe et al. (2003) and Wang
etal. (2020), some of UCPW flows westward to the West Caroline
Basin and finally enters the Philippine Basin by way of equatorial
regions. Figure 6C shows the western propagation from the East
Caroline Basin to the West Caroline Basin.

Geostrophic Flows in the West

Caroline Basin

Figures 7A-C show the zonal and meridional flows along section
WC2 and zonal flows along WC3. At WC3, flows are mainly
westward between ~3.0°N and ~5.0°N and eastward in the north
region from ~5.0°N to the trench. This pattern agrees with the
abyssal transport at section WC1 shown in Figure 4C. These two
sections were observed during the summer of two different years.
At WC2, zonal flows are generally westward between ~3.1°N and
~5.2°N but eastward between ~5.2°N and ~7°N, showing a similar
pattern to sections WC3 and WC1. The direction of meridional flows
along WC2 corresponds to the zonal flows at the same locations. In
other words, the northward direction corresponds to the eastward
flow in zonal direction and the southward direction corresponds
to a westward flow. Thus, between ~137°E and ~138.8°E, the flows
are mainly northeastward, and the water between ~138.8°N and
~141°E flows mainly in the southeastern direction. The abyssal water
pathway in this region is summarized in Figure 7E.

Figure 7D shows the zonal flows at section W1, which crosses the
Palau Trench in the West Caroline Basin and extends to the Philippine
Basin. In the channel south of the Palau Islands, zonal flows are
eastward. Water enters the Palau Trench and the West Caroline Basin
from the Philippine Basin (Figure 7E). Our results are supported
by the previous studies that in the southern Philippine Basin, the
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FIGURE 3 | Meridional geostrophic flows at sections M1 (A) and M2 (B) at the sill and the middle of Yap Trench. Salinity and potential density o, are presented.
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denote upper abyssal flows.
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main body of water circulates in the basin because of blockage
of the Yap Ridge, while a small part of water enters the Western
Caroline Basin (Zhai and Gu, 2020).

In summary, geostrophic flows at these sections indicate a
general pattern of anticyclonic circulation in the West Caroline

Basin. Water flows westward in the southern region and eastward
in the northern area. Abyssal water flows eastward to the West
Caroline Basin and the Palau Trench and then partly enters the
southernmost segment of the Yap Trench at the north of the West
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Geostrophic Flows in the East

Mariana Basin

Figure 8A shows the zonal flows across section E1 (around 149.5°E)
in the East Mariana Basin. Between ~8.5°N and ~11.8°N, flows are
mainly eastward, and between ~11.8°N and ~17°N, water generally
moves to the west. Between ~17°N and ~18.5°N, flows are mainly
eastward, and north of ~18.5°N, water generally flows westward.
Therefore, abyssal water in the East Mariana Basin flows toward
the Mariana Trench from the region of ~11.8-17°N and the region
north of ~18.5°N along ~149.5°E at the basin (Figure 8E). In the
southern area of the basin near the ridge, abyssal water flows away
from the trench.

Figure 8B show the zonal flows crossing section E3 at ~147°E
(illustrated in Figure 8E). We can see that the abyssal water flows
westward to the Mariana Trench between 11°N and 12°N. At
10-11°N and 12-14°N, the water flows eastward away from the
trench. At 14-18°N, water in the area west of the trench flows
westward. This pattern agrees with that suggested by Siedler et al.
(2004) and Huang et al. (2018). With the obstruction of the ridge,
this water flowing across the trench may turn southward and
flow back to the trench, while the rest of the water will continue
to flow eastward back to the basin.

Zonal flows across section E2 at ~144°E show that water is
transported westward along the trench (Figure 6B, illustrated

in Figures 6C, 8E). Between 9°N and 10°N and in the region
north of the trench, flows are mainly eastward. Although the
deeper flows in the trench are not constructed along E2 for
only one observation station there, such flows are indicated
to be westward at an adjacent section YM at ~145°E. As seen
in Figure 5B, the water from the East Mariana Basin moves
westward in the trench, except for the layer above ~4000 m in the
northern region. In addition, at the area north of the trench, the
upper water flows westward and the lower water flows eastward
(illustrated in Figures 6C, 8E). The westward flows along section
YM occur in the same meridional zone as that along sections
E2 and E3. Huang et al. (2018) reported a similar pattern, that
is, along a section at ~142°E, the abyssal water travels westward
along the trench, but there are eastward flows on both sides of
the trench channel. According to the study of Huang et al. (2018),
the westward flow with a transport of 1.29 Sv dominates the deep
layer of the Challenger Deep in the trench.

Figures 8C, D show the meridional flows across sections
M1 and M2. At M1, which was observed in February of 1989,
the general direction of abyssal flows was from north to south
in areas between ~143.7°E and ~147°E, as well as in the deeper
region east of ~149.2°E. At M2, which was observed in August of
2015, water was transported southward to the East Caroline Basin
at ~142.3-145°E. The difference in meridional flows between the
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two observations reflects seasonal variations. However, both
observations reveal the fact that there is flow entering the East
Caroline Basin from the adjacent region of the Mariana Trench
in the East Mariana Basin (Figure 8E). Furthermore, part of
the water may flow to the Yap Trench via the channel north of
the East and West Caroline Basins. This pathway for inflowing
UCPW into the trench is supported by the results shown in
former sections for the Yap Trench and East Caroline Basin and
the study of Liu et al. (2018).

Geostrophic Flows in the West

Mariana Basin

Along section YM1 at ~140°E, the water below 3,500 m flows
westward in the region (~11-12°N) north of the Mariana
Trench, while the upper water flows to the east (Figure 5C).
Between 12°N and 14°N, abyssal water flows eastward from
the west of the West Mariana Basin. Between 14°N and
17°N, the direction of zonal flows is westward. The general
flows in the regions of 17-18°N and 18-19°N are eastward
and westward, respectively. These flows are illustrated in
Figure 5D.

Figures 9A, B show the zonal flows along two sections
at ~137°E in the West Mariana Basin. Along WMI, water
generally flows eastward between 9°N and 10°N and westward
between 10°N and ~12.5°N and in the upper layer between
12.5°N and ~13.5°N. In areas north of ~18.5°N, the direction
of zonal flows is generally eastward. Along section WM2,
eastward flows appear in the southernmost region (~9-
11°N, west of the Yap Islands) of the basin, and water flows
to the west at 11-12°N. In the region from 12°N to 15°N,
the direction of zonal flows is eastward. Although there are
differences between two sections observed at different times,

a common pattern (illustrated in Figure 9C) exists in the
region near the Yap Trench. In the southernmost part of the
West Mariana Basin, water flows eastward, with some water
possibly turning north with the obstruction of the ridge
west of the southern Yap Trench. In the region west of the
northern Yap Trench, water flows from east to west, coming
partly from the Mariana Trench and the Yap Trench via their
junction. In the area of ~12.5-15°N, water moves from west
to east. This water may flow from the circulated water in the
West Mariana Basin.

DISCUSSION
Flow Path in the Yap Trench

In a previous study (Liu et al., 2018), after reliability analysis
of data, we used the outputs of an eddy-resolving OGCM for
the Earth Simulator (OFES; Sasaki et al., 2008) to calculate
geostrophicvelocities ata wider section (Figure 2D, section A)
and obtained a northward net abyssal transport (Figure 2D)
volume of 0.42 Sv. This transport volume is much less than
the westward transport at the Yap-Mariana Junction (5.80 Sv)
or in the channel connecting the East Caroline Basin to the
Yap Trench (4.55 Sv) calculated from OFES in the study. This
suggests that there is a southward transport in the area east
of the northern Yap Trench, which flows from the junction
and supplies abyssal water for the trench. To some extent, the
southward inflow (at the east part of section A) balances the
northward transport (4.5 Sv) in the northern trench (the west
part of section A).

According to Liu et al. (2018), the water flows to the Yap
Trench from the East Caroline Basin via the channel between
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two ocean ridges and subsides along the east slope. As shown
in Figures 3A, B, the salinity structure at the sill shows that
downwelling fresh water reaches the east slope at the depth of
~3700 m, where the resulting barocline (Figure 3B) forces
southward flows of abyssal water. As analyzed above and from
the results at sections NY and SY (Figure 2D), we inferred that
inflowing water from the East Caroline Basin bifurcates, with
some water moving to the southern trench and the remainder
moving westward to the northern trench.

Using ship-based CTD and Jiaolong CTD data collected
during Cruise 38, we computed geostrophic flows along section
SY in the southern trench (Liu et al., 2020). The results show that
flows are southward in the western part and northward in the
eastern slope (Figure 2D), and strong flows occur on the west
flank. The turbulent mixing is enhanced in the slope and near-
bottom zones, similar to the observed at the Mariana Trench (van
Haren et al., 2017; Zhao et al., 2021). In the main region of the
trench, the net transport of abyssal water is southward at ~1.74
Sv. In the hadal zone (below 6000 m), the southward transport in
the western regions of the trench is balanced by the northward
transport in the eastern region. The temperature, salinity, and
dissolved oxygen data indicate that the deeper abyssal water in
the southern trench comes from the LCPW and UCPW, but the
hadal water seems to be isolated local water (Liu et al., 2020).

At the southernmost arc region of the trench, water flows
eastward into the region of the southern Yap Trench from the
adjacent basin or trench and then flows northward along the east
slope of the trench. In the west region, water flows southward.
Hence, a cyclonic circulation exists in the upper abyssal layer,
similar to the pattern at section SY shown in Figure 2B (Liu
etal., 2020). In the deeper layer, there are northward flows in the
west region of the trench, whereas the direction of lower flows is
not known. Thus, whether there exists a clockwise circulation for
lower flows in this arc region is to be revealed.

Flow Path in Yap-Mariana Junction

At the west flank of the junction, our results indicate that upper
abyssal water flows southward to the Yap Trench. This pattern is
supported by Wang et al. (2020), who suggested that the return
flow in the meridional direction above ~4200 m. Flow in the
deeper zone of the junction channel is not presented due to the
lack of data in our study. According to studies by Wang et al.
(2020), the lower water (below ~4200 m) flows to the junction via
the Mariana Trench from the East Mariana Basin and then flows
northward into the West Mariana Basin (the lower northward
flow is illustrated in Figure 5D).

Previous studies provide additional information for a
comprehensive analysis of abyssal water transportation. Based
on mooring data, Siedler et al. (2004) suggested that 0.36 Sv
LCPW flows into the West Mariana Basin via the junction.
Tian et al. (2021) proposed that since the junction is the only
channel deeper than ~4000 m connecting to the Philippine Sea,
the LCPW enters the sea through the junction area. Zhai and Gu
(2020) suggested that because of the blockage of the Yap Ridge,
the main body of the LCPW flowing from the East Mariana
Basin enters the Philippine Sea via the Mariana Trench and the

junction. In studies by Zhai and Gu (2020) and Tian et al. (2021),
the LCPW incoming area of the Philippine Sea corresponds to
the West Mariana Basin.

Based on previous studies and our results (Figure 5), we
concluded that the LCPW moving through the Mariana Trench
and Yap Trench is transported northward to the West Mariana
Basin at the western channel of the junction. At the eastern part,
the LCPW intrudes into the region east of the Yap Trench. In the
upper layer, abyssal water flows southward to the trench at the
junction.

Water Properties in the Yap Trench and
Adjacent Abyssal Regions

Watermass properties were analyzed to further elucidate flow
pathways and connections among abyssal water in the Yap Trench
and adjacent basins and trench channels. Figure 10 shows the
vertical profiles of potential temperature, salinity, and dissolved
oxygen. Figure 11 shows the silicate concentrations in the regions
using WOD designations for Ocean Station Data, which refer to
measurements made from a stationary research ship measuring
nutrients in seawater samples gathered using special bottles
(Garcia et al., 2019).

Potential temperature 6 =1.2°C is usually used as the boundary
to separate the LCPW and UCPW, which corresponds to a depth
of ~3500 m (e.g., Johnson and Toole, 1993; Johnson et al., 1994;
Kawabe and Fujio, 2010; Wang et al., 2020) north of the mid-
latitude in the south Pacific (Kawabe et al., 2003; Kawabe et al.,
2006; Kawabe et al., 2009). Several studies have used other values
such as 1.07°C (Wijffels et al., 1998) along 149°E as well as 1.1°C
(Klatt and Holfort, 2000) and 1.18°C (Siedler et al., 2004) in the
East Mariana Basin. We chose 1.2°C as the boundary value. The
boundary between the two layers becomes deeper after the water
reaches the northwestern Pacific. In our study region, the depth
ranges between ~3650 and 4150 m (Figure 10A). The minimum
depth occurs in the East Mariana Basin because the LCPW and
UCPW from the south Pacific enter this basin after the LCPW
passes the Melanesian Basin (Siedler et al., 2004; Kawabe and Fujio,
2010) and the UCPW passes east of the Solomon Rise (Kawabe
et al,, 2006; Kawabe and Fujio, 2010). In the East Mariana Basin,
the maximum depth for the boundary (~4000 m) occurs in the
southwestern-most part of the basin and in the Challenger Deep
of the Mariana Trench. Studies by Siedler et al. (2004) reported
that in the channel of the Yap-Mariana Junction, the LCPW with
0 < 1.2°C is below ~4000 m. This fact leads to the conclusion that
the LCPW and UCPW pass the East Mariana Basin, partly enter
the Mariana Trench, and then continue to flow westward to the
junction. As shown in Figures 2A, D, in the northern Yap Trench,
meridional flows in the upper abyssal layer are mainly southward,
while deeper water travels northward. Our results (Figures 5A,
D) and observations by Wang et al. (2020) indicate that at the
junction, the LCPW flows northward to the West Mariana Basin
by the west flank of the junction channel but flows southward to
the area of the Yap Trench, and the UCPW flows southward at
the junction. As shown in Figure 10A, the properties of potential
temperature in the northern Yap Trench and the Mariana Trench
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are highly consistent at the same depth level. In the lower abyssal
zone, the Mariana Trench shows an almost similar vertical pattern
of temperature as the East Mariana Basin. These results indicate
that deeper abyssal water in the northern Yap Trench comes from
the LCPW, and most of the upper abyssal water comes from the
UCPW via the junction. In the southern Yap Trench, the level of
1.2°C is at ~3700-3950 m, almost the same as the level range in
the northern Yap Trench and approximately overlapping the range
in the West Caroline Basin. With respect to the UCPW, although
there are no obvious differences in the vertical distribution of
temperature within the study region, the vertical pattern in the
southern Yap Trench is closest to that of the northern trench and
the West Caroline Basin. However, the LCPW has a pattern similar
to that found in the northern Yap Trench and the Mariana Trench.
This indicates that deeper abyssal water in the southern Yap Trench
is mainly LCPW. Approaching the hadal zone, temperatures in the
southern Yap Trench are slightly higher than those in the northern
trench at the same depths. Although the upper abyssal water has a
similar temperature pattern throughout the study region, the lower

zone shows similar patterns only in the Yap and Mariana Trenches
and the East Mariana Basin, where the watermass is significantly
colder than in the West and East Caroline Basins and the West
Mariana Basin. This indicates that it is mainly the UCPW rather
than the LCPW that enters the West and East Caroline Basins.
This conclusion is supported by previous studies (Siedler et al.,
2004; Kawabe and Fujio, 2010). After entering the West Mariana
Basin, the LCPW gradually subsides in this less saline basin.
Previous studies (e.g., Siedler et al., 2004; Kawabe and Fujio,
2010) have shown that the LCPW is more saline and oxygen rich
than the UCPW and NPDW (Figures 10B, C). The boundary
values of salinity and oxygen for identifying the UCPW and
LCPW are 34.683 psu and 153 umol 1!, respectively. These
values are very close to the values (34.685 psu and 155 pumol
kg') used by Siedler et al. (2004); Talley (2007), and Kawabe
and Fujio (2010). The salinity and dissolved oxygen in our study
region have vertical distributions consistent with the potential
temperature, the only difference being a lower temperature
corresponding to a higher salinity and higher oxygen. In the
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upper layer above ~4000 m (generally UCPW or NPDW),
differences in salinities are not obvious, but in the deeper zone,
water masses are more saline in the Yap and Mariana Trenches
and the East Mariana Basin than in the other basins. This further
indicates that the deeper abyssal water in the Yap and Mariana
Trenches and the East Mariana Basin is mainly of the LCPW.
Although some LCPW enters the West Mariana Basin via the
Yap-Mariana Junction, the water in the basin is strongly affected
by water exchange with the Philippine Sea. In addition, after
entering the basin, the LCPW gradually subsides because of
baroclinicity. Therefore, the water is less saline in the deeper zone
of the basin than at the same depths in other regions through
which the LCPW passes. Dissolved oxygen of the deeper water
is also relatively low in this basin. Since UCPW and NPDW
occupy almost the same depth range, their boundary is difficult
to identify locally (Kawabe and Fujio, 2010). Nevertheless, the
NPDW is characterized by lower oxygen concentrations than
UCPW (Wang et al., 2020). Figure 10C shows that in the upper
abyssal water above ~3700 m, oxygen concentrations at some
stations in the East Mariana Basin are lower than those in the
other regions, indicating that the watermass at the stations is
the NPDW. As shown in Figures 8A, B, westward flows occur
at the northern regions of sections E1 and E3, indicating that
the NPDW from the eastern part of the Pacific flows westward
to the northern Mariana Trench through the northern part of
the East Mariana Basin. With the topographical obstruction, the
water turns partly southward and meets with the UPCW. Thus,
some upper abyssal water over the Mariana Trench is mixed
water of the UCPW and NPDW. The upper abyssal water in the
Yap Trench is mostly of the UCPW, which communicates with
adjacent basins and channels. At the sill of the trench (labeled
MYT in Figure 10C), the oxygen concentrations of abyssal water
above ~3700 m are essentially equivalent to those in the East
Caroline Basin, indicating that some UCPW in this basin enters
the Yap Trench through the channel.

The deeper water is relatively silica-poor in comparison with
upper abyssal water, especially in the East Mariana Basin where
the silicate of the LCPW is significantly lower than that of the
UCPW or NPDW (Figure 11B). This is supported by previous
observations (e.g., Siedler et al., 2004; Kawabe and Fujio, 2010).
Klatt and Holfort (2000) and Siedler et al. (2004) selected silicate
concentrations of 136 pumol kg and 142 pmol kg, respectively,
to distinguish between the LCPW and upper water in the East
Mariana Basin. The observational results (Figure 11B) support
142 pmol kg! as the boundary values. The silicate of the LCPW
in the northern Yap Trench is generally close to that in the basin.
However, in the southern trench, the silicate concentration is
higher than that in the basin, possibly due to enhanced turbulent
mixing on the trench slope (Zhao et al., 2021; Liu et al., 2020).
With respect to upper abyssal water, previous studies (Siedler
et al., 2004; Kawabe and Fujio, 2010) proved that the NPDW
is characterized by high silicate. Talley (2007) suggested that
the silica concentration of the UCPW is ~140 pumol kg in the
Philippine Basin, and the NPDW is ~155 umol kg™! in the eastern
Pacific. As the NPDW proceeds westward, its concentration is
continually modified (Kawabe and Fujio, 2010). Siedler et al.
(2004) reported that a high-silicate tongue with a maximum >144

pmol kg! marks the core of the NPDW (above ~3500 m), and the
lower boundary of the tongue is ~4000 m, corresponding to an
isoline of 142 pmol kg in the East Mariana Basin. These data
are consistent with the results shown in Figure 11B. This further
indicates NPDW intruding into the basin.

Flow Pathways of Abyssal Water in the
Yap Trench and Adjacent Regions

By summarizing the analysis of geostrophic flows and
watermass characteristics, we were able to determine the flow
pathways of abyssal water in the Yap Trench and adjacent
regions (Figures 12A, B).

The western branches of the LCPW and UCPW, coming
from the south Pacific (Roemmich et al.,, 1996) via the
Melanesian Basin, enter the region of the East Mariana Basin
(Siedler et al., 2004; Kawabe and Fujio, 2010). The LCPW
proceeds to the west of the basin, some water flows directly
toward the southern Mariana Trench, and the remainder
travels in the northern direction. With the topography
blockage in the northern area of the basin, the northward
LCPW bifurcates into two branches. One branch flows out of
the basin, and the other turns west to the northern Mariana
Trench and then partly flows to the southern trench along
the channel. Except for a part of the flow that returns back
to the basin, the LCPW transported to the southern trench
proceeds westward and arrives at the Yap-Mariana Junction
after passing the Challenger Deep. At the junction, the LCPW
flows partly southward into the region east of the Yap Trench.
Along the east slope of the northern Yap Trench, the LCPW
subsides into the trench and pushes the deep water in the
trench northward to the west region of the junction channel
connected with the West Mariana Basin. The westward
LCPW in the Mariana Trench arrives at the western region of
the junction, and this water, together with the northward
water in the northern Yap Trench, enters the West Mariana
Basin along the west part of the junction channel. These
LCPW currents circulate in the West Mariana Basin, and
some of them ultimately flow into the Philippine Basin. The
downwelling LCPW (Liu et al., 2018) facilitates a cyclonic
circulation in the northern area of the southern Yap Trench
(Liu et al., 2020). In the southernmost of the trench, whether
the LCPW circulates clockwise or flows into the West Caroline
Basin in a small part is to be known. Based on the analysis of
watermass properties and geostrophic flows (Liu et al., 2020),
the hadal water in this southern trench seems to be isolated
local water rather than the LCPW. Although the exchange of
deeper water between the southern and northern trenches is
obstructed by a sill with a depth of ~5000 m (Liu et al., 2020),
the northward transport exists over the sill.

At the region north of the Solomon Rise, the UCPW
bifurcates, with some water entering the East Caroline
Basin and some proceeding westward to the West Caroline
Basin where it finally enters the Philippine Basin. In the
region south of the Palau Islands, a part of the UCPW in the
Philippine Basin flows eastward to the West Caroline Basin
and the Palau Trench. Most of the intruded water circulates
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FIGURE 12 | Schematic pathways of abyssal flows in the Yap Trench and adjacent regions: LCPW (A), and UCPW and NPDW (B).

in this basin, but some flows to the southern Yap Trench.  some of the UCPW flows northeastward and leaves the basin.
The downwelling UCPW is a factor forcing water circulation ~ The remainder flows westward to the northern Mariana
in this arc trench, where the water circulates in a cyclonic ~ Trench and then partly turns southwestward along the trench
direction. In the middle of the Yap Trench, the UCPW from by the Mariana Islands. As the UCPW moves westward in the
the East Caroline Basin flows to the sill through the channel =~ Mariana Trench, some water turns back to the East Mariana
between the ocean ridges. With the isolation of the sill and ~ Basin, and some flows northward to the region west to the
the obstruction of the trench slope, the UCPW bifurcates, Mariana Islands. After arriving at the west end of the trench,
flowing mostly to the southern trench and partly into the = one part of the UCPW leaves the trench area along the ridge
northern trench. The downwelling UCPW at the sill (Liu  slope south of the trench and partly enters the East Caroline
et al., 2018) contributes to the northward propagation of the ~ Basin. Another part flows to the Yap-Mariana Junction and
LCPW in the northern Yap Trench and the circulation in the ~ the Yap Trench area, and a third portion flows to the West
southern trench. In the northern Yap Trench, downwelling =~ Mariana Basin, with some turning southward to the junction
water at the sill and downwelling LCPW at the east slope  and the trench. In general, the UCPW in the northern Yap
from the junction force the LCPW northward. Another  Trench flows southward. Some of it flows to the western
arm of the UCPW that is bifurcated by the Solomon Rise  region of the southern Yap Trench and facilitates the local
flows northwestward in the East Mariana Basin, with some  circulation.

flowing westward to the southern Mariana Trench and the The NPDW from the eastern part of the Pacific (Kawabe
rest traveling northward. These pathways are both basically  and Fujio, 2010) arrives at the northern East Mariana Basin
the same as the LCPW pathways. With the topography  after traveling a long distance. With the obstruction of the
obstruction in the northern area of the East Mariana Basin, = ocean ridge west of the Mariana Yap, some NPDW turns
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southward and is modified by mixing with the UCPW. The
modified water proceeds to the southern Mariana Trench.

Moreover, cruises at NY and SY were in May and June, and
seasonal variability of abyssal flows in the Yap Trench is not
known. As analyzed above, previous observations in different
times proved that abyssal water arrives at the Yap-Mariana
Junction via the similar paths along the Mariana Trench, even
though watermass properties vary seasonally (Huang et al., 2018).
At the junction, although seasonal intrusions of the LCPW and
UCPW were discovered (Wang et al., 2020), the general pattern
of flow paths is annually common, as illustrated in Figure 12.
At sections M1 (observed in February) and M2 (observed
in August), the results show the consistent patterns of water
transport at the middle Yap Trench. At the sections investigated
in different periods in the West Caroline Basin and across the
trench, the results also show the consistent feature of the paths.
As analyzed above from adjacent regions, the transport paths of
abyssal water may be the same annually in essentials, especially
for the LCPW. In the future, temporal variations of abyssal flows
and impacts on their paths need to be studied in the trench.

SUMMARY

Using observations in the Yap Trench by the submersible Jiaolong
system and WOD historical observations in adjacent basins and
trenches, this study calculated geostrophic flows along specific
sections and analyzed watermass properties to construct detailed
pathways of abyssal water in the Yap Trench and its connections
with adjacent regions.

By comparing vertical distributions of temperature, salinity,
oxygen, and silicate and referring to previous results (Liu et al.,
2018, Liu et al, 2020), we concluded that upper and deeper
abyssal water in the trench mainly consists of the UCPW and
LCPW, respectively. The NPDW is characterized by relatively high
silicate and low oxygen. Originating with the upwelling LCPW
in the eastern Pacific (Kawabe and Fujio, 2010), the NPDW
arrives at the East Mariana Basin after traveling a long distance.
It partly enters the region of the Mariana Trench. The NPDW is
mixed with the UCPW, the dominant water in this region. Thus,
the main upper abyssal water in the Yap Trench is the UCPW
rather than NPDW. For identifying the UCPW and LCPW in the
trench, we chose the boundary values of 6 = 1.2°C for potential
temperature, 34.683 psu for salinity, 153 pmol 1! for oxygen, and
142 pmol kg! for silicate, which correspond to a maximum depth
of ~3950 m for the UCPW. Liu et al. (2020) suggested that the
hadal water in the southern Yap Trench is isolated, but cyclonic
circulation exists in the north region. Hadal flows need further

investigation with more observations-
After arriving at the East Mariana Basin from the south

Pacific, some of the northwestward LCPW flows westward to
the southern Mariana Trench. The remainder proceeds to the
northern East Mariana Basin and then partly turns west to the
northern Mariana Trench, eventually arriving at the southern
trench. Next, the LCPW reaches the Yap-Mariana Junction,
where it partly enters the West Mariana Basin. Other portions
flow to the region east of the Yap Trench and then flow or subside

into the northern and southern trench, respectively. In the
northern trench, the LCPW flows northward to the junction and
finally into the West Mariana Basin. In the 3o thern Yap Trench,

the LCPW circulates cyclonically in the northern region. Water
downwelling may be important for the LCPW motion in the
trench.

The UCPW arrives at the Yap Trench by three pathways, all
from the East Mariana Basin. The southern pathway involves
passing in succession the East and West Caroline Basins, the
Philippine Basin, and the West Caroline Basin or the Palau
Trench, finally entering the southern Yap Trench. The middle
pathway involves passing the East Caroline Basin and the
channel between two adjacent ridges, finally bifurcating into
the southern (mainly) and northern (downwelling water) Yap
Trench at the sill. The northern pathway consists of some water
flowing directly westward to the southern Mariana Trench, some
entering the trench via the northern East Mariana Basin and
the northern trench, and at the junction, the water flows to the
northern Yap Trench. At the sill, some water enters the southern
trench over the west slope, whereas the transport is reversed in
the east region.

This study contributes to a more comprehensive understanding
of the Yap Trench and its connections with adjacent basins and
trenches. Observational data are scarce, especially in the Yap
Trench. As a result, our understanding of abyssal flows and
connections within the region is very limited. Considering the
complexity of topography and deep flows in the region, more
observation is needed in the future. The investigation at the
southwest of the Yap Trench is suggested for sketching the flow
path in this arc region.
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