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PALAU’S EFFECTS ON
REGIONAL-SCALE OCEAN CIRCULATION

By Ganesh Gopalakrishnan and Bruce D. Cornuelle
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ABSTRACT. The Republic of Palau, a group of islands in the western tropical Pacific Ocean, is located between the westward-
flowing North Equatorial Current (NEC) to the north and the eastward-flowing North Equatorial Countercurrent (NECC) to the
south, and the Mindanao Eddy (ME) lies to the west. This unique geographical location may make Palau an oceanographically sen-
sitive region due to strong equatorial zonal flows encountering steep island topography. We investigate the effect Palau has on the
regional ocean circulation through numerical model simulations with identical forcing but differing bathymetry: one with Palau
and the other without it. The simulations use realistic initial conditions—monthly climatological atmospheric forcing, open-ocean
boundary conditions, and runoff fluxes—and were run for up to 37 years to distinguish between model intrinsic variability and
deterministic differences. The significant differences between the two solutions show that Palau’s effect on circulation is localized and
small. The model state differences, quantified as percentage of model variability near Palau from the 37-year solution, are about 20%
for sea surface height, 25% for surface velocities, and <1% for surface temperature and salinity. The subsurface velocity fields around
Palau show a two-layered flow, as previously reported by other authors, with upper layer flow from the surface to 300 m, and a lower
layer flow from 300 m to 3,000 m. The topographic form stress on Palau is <10% of the vertically integrated total form stress in the
5°N-10°N latitudinal band, and when the island is removed from model simulations, the stress is redistributed within the region.
Although these results are restricted to model resolution scales and physics, they provide an estimate of the influence of Palau on the
large-scale northwestern tropical Pacific Ocean circulation.

IN PLAIN WORDS. The Republic of Palau is of considerable oceanographic interest due to its unique geographical location sand-
wiched between strong equatorial currents. We investigate the effect of Palau’s steep subsurface topography on regional circula-
tion through long-term ocean model simulations that use identical climatological forcings but with and without the Palau island
and ridge. The differences between the model solutions showed that Palau’s effect on regional circulation is localized and small.
This impact can be quantified by calculating the force that the main island exerts on the flow and how that changes when the island
is removed. These results are obtained at a relatively coarse model resolution and with physical compromises, and so gives a lower
bound on Palau’s effects on large-scale northwestern tropical Pacific Ocean circulation.

126 Oceanojmp/:)/ | Vol.32, No.4



INTRODUCTION
The mean circulation in the north-
western tropical Pacific Ocean consists
of the broad, wind-driven, westward-
flowing North Equatorial Current
(NEC); the relatively weak and shallow
eastward-flowing, surface North Pacific
Subtropical ~Countercurrent (STCC)
at 18°N-25°N (Qiu and Chen, 2010);
the eastward-flowing North Equatorial
Countercurrent (NECC); and two west-
ern boundary currents, the Kuroshio
Current (KC) that flows northward to the
east of Taiwan and the southward-flowing
Mindanao Current (MC; Nitani, 1972).
The NEC bifurcates near the Philippine
coast into the KC and MC (Nitani, 1972;
Quetal., 1998), and is strongly influenced
by wind stress curl through Sverdrup
dynamics (Qu and Lukas, 2003).

The Republic of Palau is located near
the center of the Mindanao Dome (MD;
Kashino et al., 2011), an area of upper
ocean cyclonic circulation forced by sea-
sonal positive wind stress curl that lies
between the NEC to the north and the
retroflecting NECC to the south, and
on the east edge of the Mindanao Eddy
(ME; Kashino et al., 2011). Even though
Palau is a small island group in the west-
ern tropical Pacific, its unique location

(a) SSH and Surface Currents

sandwiched between two major circula-
tion gyres has made it a region of consid-
erable interest to oceanographers.

For orientation, Figure 1 shows the
mean sea surface height (SSH) and sur-
face currents from a long-term model
solution using climatological forcings.
The details of the ocean model are dis-
cussed in the next section. Figure 1a and
a zoomed version for Palau (Figure 1b)
show the westward-flowing NEC bifur-
cating around 12°N into the north-
ward-flowing KC along the coast of
Taiwan and the southward-flowing MC
along the Philippine coast. A part of
the MC flows westward and contributes
to the Indonesian Throughflow (ITF),
while the other part reenters the tropi-
cal Pacific and merges with the NECC
flowing eastward. A quasi-stationary
anticyclonic eddy known as Halmahera
Eddy (HE) is observed northeast of
Halmahera island. The HE, a recircula-
tion of the NECC, promotes mixing of
waters from the Northern and Southern
Hemispheres and contributes to the ITF
(Kashino et al.,, 2013). A cyclonic eddy
known as the Mindanao Eddy (ME) is
observed west of Palau. The ME, a recir-
culation of the MC, is more of an inter-
mittent feature (Kashino et al., 2013;
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Schonau and Rudnick, 2017), making it
less important compared to other major
circulation features such as NEC, NECC,
and HE. The nearby MD is generated in
late fall due to local upwelling forced by
positive wind stress curl associated with
the northeast Asian winter monsoon
(Masumoto and Yamagata, 1991; Kashino
et al,, 2011). The MD expands eastward
with a recirculation that includes the
westward-flowing NEC to the north, the
southward-flowing MC to the west, and
the eastward-flowing NECC to the south.
Taken together, the MD, MC, ME, HE,
NEC, and NECC comprise a complex cir-
culation pattern around Palau. The moti-
vation for the experiment reported here is
to assess the effect of Palau on these fea-
tures in order to see whether their posi-
tions with respect to Palau are coinci-
dence or dynamically driven.

It would also be interesting to under-
stand how the presence of Palau influ-
ences regional ocean circulation fea-
tures including: (1) the two-layered flow
around Palau, (2) the NEC, the North
Equatorial Undercurrent (NEUC; Qiu
et al,, 2013), and the NECC at its north-
ern and southern edges, (3) the stability
of the MD with respect to seasonal pos-
itive wind stress curl, and (4) the gener-

(b) SSH and Surface Currents for Palau
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FIGURE 1. Model mean sea surface height (SSH) and surface velocities from the 37-year climatological run with Palau included (CTL). (a) Model solutions
are shown for the whole domain. (b) A zoomed version of flow around Palau includes arrows that track major flow features. The shading provides SSH
values in meters. KC = Kuroshio Current. NEC = North Equatorial Current. MD = Mindanao Dome. NEUC = North Equatorial Undercurrent. ME = Mindanao
Eddy. NECC = North Equatorial Countercurrent. MC = Mindanao Current. HE = Halmahera Eddy.
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ation of local western boundary currents
by the blocking of the NEC, similar to
the origin of KC and MC western bound-
ary currents where the NEC reaches the
Philippine coast. Because wind forcing
plays an important role in western trop-
ical Pacific Ocean circulation, it is inter-
esting to understand how the presence
of the island affects the wind-driven flow
and the momentum transfer from the
ocean into the steep island topography.
Because the Palau islands do not have
strong relief, we are not considering the
impact of the islands on the wind field.
Using ocean general circulation model
(OGCM) simulations with and with-
out Palau, this study examines the effect
of Palau on the regional circulation.
Karnauskas et al. (2007) used these kinds
of bathymetry perturbation experiments
to understand the effect of the Galapagos
islands on the equatorial Pacific cold
tongue using a reduced-gravity OGCM.
Another study using a similar meth-
odology was reported by Wang et al
(2016), where Massachusetts Institute of
Technology general circulation model
(MITgcm; Marshall et al., 1997) simula-
tions were used to study the effect of the
Kerguelen Plateau on Southern Ocean cir-
culation. Note that the Galdpagos islands
and the Kerguelen Plateau are relatively
large topographic features when com-

TABLE 1. MITgcm-WPOSE Model Description

DESCRIPTION

pared to Palau. Here, we implement a sim-
ilar approach in a regional model of the
northwestern tropical Pacific using the
MITgem to examine the effect of Palau
on regional ocean circulation. To find sta-
tistically significant differences, the sim-
ulations used climatological atmospheric
forcing, open-ocean boundary condi-
tions, and runoff fluxes, and were run
for up to 37 years. The model state differ-
ences, including topographic form stress,
were calculated between the two sim-
ulations. Analysis of these calculations
revealed that the island contributes only
locally to modifications of topographic
form stress and ocean state and does not
contribute to the large-scale global circu-
lation gyres such as NEC and NECC.

This work is part of the Office of
Naval Research’s (ONR) Departmental
Research Initiative (DRI): Flow Encoun-
tering Abrupt Topography (FLEAT).
Other observational and modeling stud-
ies reported in this Oceanography FLEAT
special issue focus on the fine-scale and
time-dependent  circulation features
around Palau and other adjacent island
groups. In contrast, this study aims to
understand modifications to large-scale
circulation features that occur when cur-
rents encounter the steep topographic
features of Palau.

The next section describes our meth-

VALUE/SOURCE

Longitude M5°E-170°E
Latitude 15°S—-27°N
Topography NRL DBDB2 global 2-minute topography

(NRL-DBDB2v2.0), with maximum depth of 6,500 m

Horizontal grid

1/12° x 1/12° (~9 km) spherical polar grid

50 vertical z-levels, with level spacing gradually increasing

Vertical grid

with depth from 2.5 m at the surface to a maximum of

300 m near the bottom

Subgrid-scale parameterization

Vertical, second-order diffusive operator

Vertical diffusivity and viscosity
parameterization

K-profile parameterization (KPP; Large et al., 1994) with a
background value of 2 x 105 m?s™'

Horizontal diffusivity and
viscosity (second order)

1%x102m?s™'

Horizontal diffusivity and
viscosity (fourth order)

1% 10" m* s
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odology using the numerical ocean
model. It is followed by a section that
explains our topography perturbation
experiments with and without Palau as
well as long-term climatological simu-
lations. Results of the numerical exper-
iments are discussed next and are fol-
lowed by a summary and a discussion.

OCEAN MODEL

The MITgcm is based on the primi-
tive (Navier-Stokes) equations for a
sphere under the Boussinesq approxi-
mation. The model vertical grid follows
z-coordinates, and the equations are dis-
cretized using the third-order direct-
space-time advection scheme in a stag-
gered Arakawa C-grid. The model has
been widely used in numerous state
estimations and predictions, and in
adjoint sensitivity studies at global and
regional scales (e.g., Stammer et al., 2002;
Fukumori et al., 2004; Menemenlis et al.,
2005; Hoteit et al., 2009, 2010; Kohl et al.,
2007; Mazloff et al., 2010; Zhang et al.,
2012; Gopalakrishnan et al., 2013a,b).
It has also been used in various theo-
retical and idealized model studies as
well as in realistic regional-scale oceanic
process studies (e.g., Legg et al.,, 2006;
Gopalakrishnan et al., 2013¢c; Edwards
et al., 2004a,b; Kim et al., 2015; Musgrave
and Peacock, 2016).

The MITgcm model implementa-
tion we used here was also used in the
ONR DRI: Origins of the Kuroshio
and Mindanao Currents (OKMC; Qiu
et al, 2015; Schonau et al., 2015; Lien
et al., 2015). It was used for model sim-
ulations and to make Western Pacific
Ocean State Estimates (WPOSE) and
forecasts  (http://ecco.ucsd.edu/nwpac_
results1.html). WPOSE is also analyzed
in the studies reported in this special issue
(Schénau et al., 2019, and Schramek et al.,
2019). The model is used here as a tool
to explore the effect of Palau on regional
circulation using topographic pertur-
bation experiments. The details of the
model setup and forcings are summa-
rized in Tables 1and 2, respectively.

The model is integrated from 2009
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through 2014 wusing initial condi-
tions and open-ocean boundary con-
ditions from the Hybrid Coordinate

Ocean Model (HYCOM; Chassignet

et al, 2007) global 1/12° daily
analysis  (http://hycom.org/dataserver/
glb-analysis); HYCOM includes

Navy Coupled Ocean Data Assimi-
lation (NCODA; Cummings, 2005),
ERA-Interim atmospheric forcing pro-
duced by the European Centre for
Medium Range Weather Forecasts (Dee
et al.,, 2011), and annual climatology of
continental runoff (Fekete et al., 2002).
Comparison (not shown) of this uncon-
strained model solution with satellite-
derived SSH and sea surface temperature
(SST) suggested that the model is capa-
ble of simulating regional ocean circula-
tion with comparable means and variabil-
ity for the equatorial (NEC, NECC) and
western boundary (KC, MC) currents.

MODEL EXPERIMENTS
WITH/WITHOUT PALAU
We performed two simulations using
model setups that differed only in the
bathymetry around Palau. The con-

(a) Bathymetry with Palau (CTL)

25°N

20°N

120°E

130°E 140°E 150°E

trol model (CTL) bathymetry, which
includes Palau, is as described in
Table 1 (NRL-DBDB2-v2.0). The per-
turbed experiment (NoP) used modi-
fied bathymetry with a plain replacing
Palau: the ocean floor was set to 3,000 m
for all grid cells within the 3,000 m con-
tour around Palau. Figure 2a shows CTL

TABLE 2. MITgcm-WPOSE Model Forcings

bathymetry near Palau, and Figure 2b
shows the NoP bathymetry for the same
region. Figure 2c shows the bathymetry
changes (CTL-NoP).

These long-term simulations were ini-
tialized from HYCOM/NCODA analy-
sis on January 1, 2012, and used monthly
climatological ERA-Interim atmospheric

DESCRIPTION SOURCE

The Hybrid Coordinate Ocean Model (HYCOM; Chassignet et al., 2007)

Initial conditions

global 1/12° daily analysis (http://hycom.org/dataserver/glb-analysis) using

Navy Coupled Ocean Data Assimilation (NCODA; Cummings, 2005)

Open-ocean
boundary
(OB) conditions

HYCOM/NCODA global 1/12° estimates of temperature, salinity, and
horizontal velocities, sampled every seven days.

Buffer zone of 1.5°, with restoring timescales varying linearly from one day at

OB sponge layer

the boundary to five days at the inner edges of the sponge layers. HYCOM/
NCODA normal velocity fields across the OB have been adjusted to have

zero net volume flux into the model domain.

Atmospheric
forcing

ECMWEF ERA-Interim (Dee et al., 2011).

Bulk formulation (Large and Pond, 1981) for the computation of the

Atmospheric
state

atmospheric fluxes. The atmospheric forcing includes air temperature,
specific humidity, zonal and meridional wind speed at 10 m from the ground,

total precipitation, and short and long wave radiative fluxes, sampled every
six hours on an 80 km horizontal resolution.

Runoff fluxes

Annual climatology of continental runoff (Fekete et al., 2002).

160°E 120°E 130°E

140°E

(b) Bathymetry without Palau (NoP)
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FIGURE 2. Model bathymetry (a) with Palau (CTL) and (b) without Palau (NoP). (c) The difference in depths (CTL—NoP). The area of (c) is marked by the
white box in (a). The black dashed lines in (a) mark the sections shown in Figure 3.
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forcing, HYCOM/NCODA open-ocean
boundary conditions, and runoft fluxes.
The simulations were as long as was prac-
tical in order to average down the intrin-
sic (e.g., eddy) variability and to focus
on statistically significant differences in
the circulation features with and without
Palau. Simulations were run for 37 years,
and the differences and statistics, sam-
pled at 10, 25, and 37 years, showed little
change at the end.

RESULTS

Modifications to the Regional

Ocean Circulation

Figure 3a,b shows the SSH differences
through time between the two sim-
(NoP-CTL) latitude
and longitude lines centered on Palau:
120°E-170°E at 7.5°N, and 0°N-27°N at
134.55°E, respectively (longitudinal and

ulations along

latitudinal sections are marked by dashed
black lines in Figure 2a). Although
the model bathymetry is changed only
at Palau, the solution changes every-
where in the model, which we hypothe-
size is primarily due to the model intrin-
sic variability such as eddy interactions
and instabilities. At 7.5°N, the SSH differ-
ences are visible immediately to the west
of Palau, and they reach apparent equilib-

(a) MIT SSH at 7.5°N

rium near Palau after a year with a range
of +5 cm. Although the growth is slower
to the east, the differences remain small
at the eastern boundary because of the
restoring to the outer model (open-ocean
boundary conditions).

The SSH differences along the section
at 134.55°E cover three regions of large-
scale flows: the NECC, the NEC, and the
STCC in the area from 18°N to 25°N.
The SSH differences in this section again
appear quickly at Palau, with values in the
range +5 cm, and fill in much more rap-
idly to the south than to the north, which
does not come into equilibrium until
after about three years. The SSH differ-
ences in the NEC region between 9°N and
18°N are almost zero, which is expected
because this region exhibits very low SSH
variability in both the model and observa-
tions (Qiu, 1999; Ducet et al., 2000). The
SSH differences in the eddy-active STCC
region from 18°N to 25°N range within
£10 cm and only reach equilibrium after
more than two years from the start of the
simulation, which sets a timescale for the
influence of perturbations near Palau to
reach the STCC. The SSH differences at
the northern boundary are almost zero,
again due to the boundary restoring.

Figure 4a shows a plan view of mean

(b) MIT SSH at 134.55°E
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SSH differences (NoP-CTL). The mean
differences for 10-, 25-, and 37-year
integration are similar near Palau, but
decrease in most other areas as integra-
tion time increases. Only differences
that were larger than three times the
standard error (SE) of the mean differ-
ence were considered significant and are
crosshatched (with black) in the figure.
The SE is defined as

where n is the number of independent
samples (model solutions were sampled
as monthly means over the 37-year simu-
lation period) and o is the standard devi-
ation. The statistically significant regions
are mostly near Palau, and even relatively
large differences in the STCC are gener-
ally not statistically significant.

The mean SSH differences are positive
(negative) to the north (south) of Palau
but are only significant on the north end
due to the smaller variability of the NEC
compared to the NECC. The mean SSH
difference range is +1 cm, about 20% of
the size of the spatial variation of the SSH
near Palau (5 cm). The positive difference
in the north is consistent with Palau act-
ing as a barrier for the NEC and increas-
ing the westward geostrophic flow around

0.10 FIGURE 3. Hovméller plot

for SSH differences (NoP—

0.08 CTL) from the 37-year-long

climatological simulations.

] 0.06 Panel (a) shows a section

along latitude 7.5°N from

0.04 120°E to 170°E, and the

panel (b) shows a section

0.02 along longitude 134.55°E

from O°N to 27°N, both

E centered on Palau. The

1 0.00 L vertical gray lines mark the

Y1 land, and the shading indi-

-0.02 cates SSH differences in

m. The location of Palau (P)

-0.04 is shown on the x-axes.

-0.06
-0.08
-0.10
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the north while slowing it in front of and
behind the island. Island wakes may also
contribute to this signal, although they
are not resolved with this model reso-
lution. The SSH differences show simi-
lar flow deflection to the south but are
not significant due to the strong NECC
variability and perhaps the northeast-
southwest topographic orientation.
Figure 4b,c shows the mean velocity
differences (NoP-CTL) at the surface and
at 1,200 m depth. At the surface, Palau
obstructs the westward-flowing NEC,
producing anticyclonic (cyclonic) circu-
lation at the northern (southern) edges
of the island, while slowing the westward
flow to the east and west. The magni-
tudes of the mean velocity differences are
~5 cm s at the surface and ~1 cm s™! at
1,200 m depth, about 25% and 10% of the
flow variability near Palau at the surface
and at 1,200 m, respectively. At 1,200 m,
the NEUC (Qiu et al., 2013) flows east-

ward near Palau, and the mean veloc-
ity difference pattern is reverse that of
the surface. The island in CTL blocks the
eastward flow, which shows a positive
difference in (NoP-CTL) west of Palau.
At the northern and southern edges
of Palau, the eastward flow is stronger
for CTL than NoP, resulting in negative
zonal velocity differences and cyclonic
(anticyclonic) circulation at the northern
(southern) edges of Palau. The upstream
influence of the island is different at the
two depths. The upstream influence at
1,200 m depth extends nearly 800 km to
the Philippine coast, compared to only
about 100 km upstream to the east at the
surface. This is hypothesized to be a con-
sequence of the westward propagation of
planetary waves that extend to the islands
to the west but not to the east.

The mean vertical velocity differences
at 1,200 m depth are +10 cm day™!, about
10% of the vertical velocity variability

0.010

near Palau (Figure 4d). Downwelling
(upwelling) features are seen at the north-
ern (southern) end of Palau, and a down-
welling feature extends from the southern
edge of Palau toward the Philippine coast,
which may be due to the interaction of
the NEUC jet with eastward flowing
zonal deep flow south of Palau, perhaps
related to the NECC.

Figure 5 shows vertical zonal
and meridional sections of CTL and
(NoP-CTL). The latitude-depth section of
mean zonal velocity (Figure 5a) averaged
over the longitude range 130°E-135°E,
plotted along 0°N-27°N for CTL, shows
strong near-surface NEC and NECC. The
NEC extends to a depth of about 300 m,
whereas the NECC extends deeper, to
about 500 m off the equator, but con-
nects to deep eastward flow on the equa-
tor, as shown in previous work (Figure 1b
of Qiu et al., 2013). The NEUC jets in this

unconstrained climatological simulation
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FIGURE 4. Mean differences (NoP-CTL)
for SSH and vertical velocity (w) at 1,200 m
depth (a and d), and total velocities (uv) at the
surface and at 1,200 m depth (b and c) from
the 37-year climatological run. The regions
cross-hatched in black are statistically sig-
nificant, with mean differences larger than
three times the standard error. The SSH dif-
ference is shown for the full domain, and the
other fields show a zoomed region of Palau
for clarity. In (b) and (c), shading marks the
magnitude of the total velocities, shown only
for statistically significant regions. The black
box in (a) delineates the zoomed region
shown in (b), (c), and (d).
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are weaker than observed (Figure 2a of
Qiu et al., 2013), and undercurrent cores
located at 9°N, 13°N, and 18°N are slightly
offset to the north. The mean zonal veloc-
ity at Palau is eastward at depths greater
than 300 m and westward near the sur-
face (0-300 m).

The latitude-depth section of (NoP-
CTL) mean zonal velocity difference
(Figure 5d) at Palau shows two-layered,
oppositely directed flows deflected by
the island. The longitude-depth sec-
tions (along 130°E-140°E) of meridio-
nal velocity differences (NoP-CTL) at
the north (8°N) and south (7°N) ends
of Palau also show the two-layered flow
(Figure 5b,e). The velocity difference pat-
terns near Palau reverse between the sur-
face and deep layers and at the northern
and southern ends. This reversal of the
meridional velocity difference patterns
is due to the oppositely directed surface-
flowing NEC and NEUC deep jets divert-
ing around Palau.

The latitude-depth section of verti-
cal velocity averaged over 130°E-135°E,
plotted along 0°N-10°N for the CTL case
(Figure 5c), shows complicated struc-
ture with strong surface downwelling
south of Palau near the NECC region.
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CTL also shows weak upwelling between
500 m and 1,000 m depth south of Palau,
and downwelling extending throughout
the water column at the southern edge
of Palau. The presence of Palau results in
downwelling (upwelling) at the northern
(southern) edge, extending throughout
the water column. These features are pre-
sumably strongly affected south of Palau
by the NECC and NEUC jets.

Modifications to the

Topographic Form Stress

This study perturbed the bathyme-
try around Palau while keeping the
same atmospheric forcing, open-ocean
boundary conditions, and initial con-
ditions. Changes to the bathymetry can
affect topographic form stress (TFS), as
seen in the differences between the CTL
and NoP simulations. The mean zonal
momentum balance should be between
atmospheric wind forcing and bottom
form stress across submarine ridges, sea-
mounts, and land masses (Munk and
Palmén, 1951), although boundary con-
ditions play a role because the present
model domain does not cover the whole
Pacific Ocean. Following the method-
ology described in Masich et al. (2015)
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and Wang et al. (2016), zonal TFS is com-
puted as the pressure difference between
the eastern and western face of a topo-
graphic feature divided by the width of
the feature; thus, it is assumed to be uni-
formly distributed within the feature. The
TES represents the momentum trans-
fer from the ocean into the land masses,
acting to dissipate the ocean momen-
tum, which is primarily fed by atmo-
spheric winds. TFS is strongly variable
in depth and time, making it difficult to
interpret, and it is normally vertically
integrated to a smoother field that rep-
resents total bottom form stress. Figure 6
shows the vertically integrated TFS from
0 m to 300 m depth and from 300 m to
3,000 m depth for CTL and (NoP-CTL)
cases. For CTL, 0-300 m, the TFS is
mainly concentrated in the Philippines,
Papua, and Papua New Guinea, with
values in the range +1 N m. The TFS
at Palau is positive, with values of the
order of 0.1 N m™ (shown in the inset
in Figure 6a). Because Palau blocks the
near-surface, westward-flowing NEC,
the pressure gradient (east-west) is pos-
itive and results in a total positive verti-
cally integrated TFS. The Sulu Sea forms
a small enclosed water body that exhib-
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FIGURE 5. Vertical sections for zonal, meridional, and vertical velocity. The left column panels (a and d) show mean zonal velocity (averaged over
130°E-135°E) along 0°N—27°N for CTL (a) and for mean zonal velocity differences (NoP—CTL) (d). The middle column panels (b and e) show mean differ-
ences (NoP-CTL) of meridional velocity along 130°E-140°E at 8°N (b) and 7°N (e). The right column panels (c and f) show mean vertical velocity (aver-
aged over 130°E-135°E) along 0°N—10°N for CTL (c) and for mean vertical velocity differences (NoP-CTL) (f). The model solutions are from the 37-year
climatological run. The black cross-hatching indicates areas with statistically significant differences with the mean difference larger than three times the
standard error. The vertical black dashed lines in (a), (c), (d), and (f) mark the location of Palau.
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its low pressure and less dense water
with increasing depth (from 200 m to
4,000 m) when compared to the water
masses on its eastern, Philippine and
western, Indonesian coastal boundaries.
This results in a canceling positive (east)
and negative (west) vertically integrated
TES across the region that encloses the
Sulu Sea. For the (NoP-CTL) case, the
TES differences are focused at Palau with
negative values of about 0.1 N m=2 This
suggests that Palau contributes <10% of
the total local TFS distribution.

For the CTL case, vertically integrated
TFS (300 m to 3,000 m) follows a simi-
lar pattern as that for 0-300 m, with val-

ues in the range +6 N m™2 The TFS at
Palau is negative with values of the order
of 0.1 N m2 At depth, the zonal flow is
directed eastward and causes a negative
pressure gradient (east-west). The (NoP-
CTL) case TFS differences are significant
at Palau as well as along the Philippines
south of Palau. The TFS differences at
Palau are positive with values of about
0.1 N m=. Overall, the effect of Palau on
the distribution of the total TFS is not
significant, and the stress redistributes
locally within the region when the island
is not present.

Looking at the vertical vorticity bal-
ance instead of the momentum balance

can be simpler when potential vorticity is
nearly conserved. The topography enters
the vorticity equation through the joint
effect of baroclinicity and relief (JEBAR;
Sarkisyan and Ivanov, 1971) in the ver-
tically integrated vorticity equation. We
have concentrated on the momentum
equations because the complicated and
abrupt topography violates the quasi-
geostrophic assumption, as is evident in
the presence of form stress, and the curl
terms cannot be calculated as close to the
island as the momentum terms because of
the extra derivative in the formulations.
Likewise, the presence of the form stress
shows that the island rule (Godfrey, 1989;
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FIGURE 6. Topographic form stress (TFS) distribution. The top panels show vertically integrated (0—300 m) TFS distribution for the CTL (left panel) and
the (NoP-CTL) (right panel). The bottom panels are the same as the top panels, but for TFS integrated from 300 m to 3,000 m. The inset plots in each
subplot show the zoomed TFS distribution for Palau, for CTL, and for (NoP—CTL). The region cross-hatched in black shows statistically significant differ-
ences with the mean difference larger than three times the standard error.
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Wajsowicz, 1993), which assumes a con-
stant streamfunction around the island, is
slightly violated around Palau.

SUMMARY AND CONCLUSIONS
Aregionalimplementation ofthe MITgem
for the northwestern tropical Pacific is
used to understand the effect of Palau on
the large-scale regional ocean circulation.
Two 37-year OGCM simulations were
performed with identical setups except
for topography (with and without Palau).
Both simulations were initialized using
the same HYCOM/NCODA initial con-
ditions and were forced using monthly
climatological HYCOM/NCODA open-
ocean boundary conditions, ERA-Interim
atmospheric fields, and runoff fluxes.

The effects of Palau on the circulation
are small, and only significantly above the
eddy noise in a few places. The SSH dif-
ferences are about 20% of the long-term
SSH variability near Palau, and it takes
about two years for the effects of the
changes near Palau to reach higher lat-
itudes. The model state differences for
surface velocities are about 25% and are
<1% for surface temperature and salinity,
expressed as percentage of model variabil-
ity near Palau from the long-term solu-
tion. The subsurface velocity differences
had the same two-layer structure as the
mean unperturbed flows, the westward-
flowing, near-surface NEC and the
eastward-flowing, subsurface NEUC jets.
The surface flow patterns at the north-
ern edge of Palau were influenced by the
NEC, whereas the NECC affects the cir-
culation at the southern edge of Palau.
The zonal and meridional velocity dif-
ferences showed small-scale geostrophic
flow modifications around Palau but
exhibited only small effect on the flows
simulated using the model with horizon-
tal grid spacing of ~9 km (Table 1). The
effect of Palau on the time-mean verti-
cally integrated TFS is significant only in
a few places and is <10% of the unper-
turbed mean total TFS in the 5°N-10°N
latitudinal band.

A caveat for this study is that it does not
fully resolve the fine-scale circulation fea-
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tures around Palau, such as island wakes
with lee waves and eddies. These features
would likely increase the form drag, so
the results here are a lower bound on the
effects of the islands. Likewise, the effects
of the island on mixing will not be appar-
ent in these simulations. The results are
limited by model resolution and physics
and are only used to explore the impact of
Palau on the larger-scale regional circula-
tion, as a complement to high-resolution
modeling studies and observations focus-
ing on the fine-scale flow modifications
around Palau, some of which appear in
this special issue.
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