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Glider observations of the Solomon Sea
Work based on 13 years of (~monthly) glider sections
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Why do we measure LLWBCs?
(Low-latitude western boundary currents)

The big picture of ENSO is the accumulation (recharge)
  and discharge of mass and heat in the equatorial strip:

→ Exchanges between the subtropics and equator

Most discharge during El Niño occurs in the east and 
central Pacific, but most recharge occurs in the LLWBCs.

El Niño anomalies

The big picture is inflows and outflows from the equator
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Our simple picture of the “mean overturning circulation”
is only true for the basin-wide integral

North

Equator

Ekman outflow

Geostrophic inflow

Subtropical
subduction 

Equatorial
upwelling

In mid-basin, the shallow outflow is larger than the subsurface inflow. 
⇒ The difference is made up in the western boundary currents.
These are the Mindanao Current in the north, 
   and the New Guinea Coastal Undercurrent in the south.

Net outflow (Ekman − geostrophic) is poleward
Mindanao
Current

NGCU
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←   3-5 km (~4 hr) →
20-25 cm/s (~20 km/day)

Range 4-5 months = 2500+km

←
 1

00
0 

m
 →

Irid
ium

 G
PS 

The Spray glider used in the Solomon Sea

Dive
start

Actual
resurface

Expected
resurface

Path through water 
(need flight model)

Absolute
vertical-average
velocity

How a glider
measures
velocity

Strengths:
- Flexible (no ship needed)
- Absolute velocity (with flight model)
- Fine-scale sampling (useful for WBCs)
- Relatively cheap (2-person operations)

Weaknesses:
- Slow (eddy aliasing, uncertain path)
- Infrequent sections (sampling errors)

Pump
Moveable battery packs
control flight orientation Oil bladder

The Spray glider is essentially 
an Argo float with wings and 
moveable batteries. 
It has no forward propulsion
(thus very low power use).

����2 meters long, weighs 50kg (2 people to operate)    

CTD

T,S
profiles
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Moorings
Strengths:
- Required for narrow straits
- Excellent time resolution
- Reliable absolute velocity
- Co-located T, S, Met (if surface)   

Weaknesses:
- Single point (representative?)
- Subsurface-only in ship channels 
- Expensive (need ship)

Aviso (satellite altimetry = SSH)
Strengths:
- Globally consistent grid
- Observe propagating eddies
- Free! (to us)

Weaknesses:
- Surface geostrophic velocity only
- Uncertain near coasts?

The JAS and JFM profiles reverse their relative position at
depths below 220 db, indicating a deeper reaching Makassar
throughflow during the northwest monsoon. The time series
section of the along-axis current (Figure 2, right) further
displays the depth dependence of the v-max, with a tendency
for the higher speeds as the v-max shallows. The v-max
deepens during the northwest monsoon, February-March
2004, March-April 2005 and February-April 2006; with
the shallowest v-max during the southeast monsoon, July-
September 2004, 2005 and 2006. The thermocline v-max
displays a semi-annual fluctuation, with highest values within
the middle to latter stage of each monsoon: February-April
2004, July-September 2004, March-April 2005, August-
September 2005, February-March 2006, June-September
2006. The strong southward speeds in 2006 stand out as an
anomaly, lacking the May/June throughflow relaxation as
observed in the two prior years. The period of sustained
throughflow begins rather abruptly in early February 2006,

spanning a wide swath of depths, from the sea surface to well
below the thermocline.
[12] Reduced throughflow in May 2004 and May 2005

may represent the impact of Kelvin Waves generated during
the monsoon transitions in the Indian Ocean that propagate
eastward to Sumatra, and then continue as coastal-trapped
Kelvin Waves [Sprintall et al., 2000] to the ITF export por-
tals. This feature was absent in May 2006. The La Niña
condition of January to April 2006 (negative ninõ4; Figure 3)
with commensurate higher Makassar throughflow transport
(Figure 3) may have suppressed the propagation of the
Kelvin Wave into Labani Channel. A secondary weakening
of the southward speeds occur in November 2004, 2005 and
2006, may also represent an Indian Ocean Kelvin Wave
monsoon transition event. Surface layer reversals of 1 to
2 months duration are observed during the northwest
monsoon (primarily in December-January) of 2005 and
2006, consistent with the Arlindo time series [Gordon et al.,

Figure 2. (left) The seasonal profiles and (right) along-channel velocity section. The velocities represent an average of
MAK-west and MAK-east values. The vertical coordinates are given in decibar (dbar), which is approximately a meter (m).

Figure 3. (left) The spectrum (power spectral energy, Sv2/day) of the total Makassar Strait volume transport with the peaks
(in days) of the periods labeled. (right) The total Makassar Strait volume transport (Sv, red line, red left axis) and depth
anomaly of the 16!C isotherm (m, blue line, blue right-most axis) after a 30-day low pass filter has been applied, as well as the
Niño4 time series (area-averaged SST anomaly within 5!N to 5!S, 160!E to 150!W; black line, inner right black axis).

L24605 GORDON ET AL.: MAKASSAR STRAIT THROUGHFLOW L24605

3 of 5

Other ways to measure WBCs
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Source of
24.5σ water

Source of
26.5σ water

Tsuchiya Jet
EUC

Subsurface currents

Shallow currents

Tsuchiya (et al ...) described two sources of high-salinity water 
flowing through the Solomon Sea feeding the equator 

The high-evaporation region of the eastern subtropics 
supplies a shallow inflow at the density of the EUC.

Winter subduction NE of New Zealand follows a long
path around the islands and arrives at the Solomon Sea 
as a narrow, subsurface western boundary current.

Property variations at the 
subduction regions are 
transmitted to the equator
via the Solomon Sea

?
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Bathymetry: 1000m, 500m, 100m

Solomon
Sea

Coral Sea

Pacific Ocean
Bismarck Sea

Papua
  New
     Guinea Solomon Islands

New

New
         Ireland

Brita
in

A
ustralia

Shallow SECSubthermocline
WBC

    Two sources of inflow:
             Shallow currents 
             Subsurface currents

13 years of glider crossings of the Solomon Sea
Billy Kessler, Hristina Hristova, Russ Davis and Jeff Sherman

 Green dots show glider dives.
 136 coast-to-coast sections
 25,000 dives
 116,000 km

About 4.5km/dive

Black dashed
arrow shows 
the intended
glider route.

But they are 
pushed north 
by currents,
(inconsistent
 path)
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Mean crosstrack 
current on two 
tracks separately

The two inflows join soon 
after they enter the Solomon 
Sea, forming a single WBC.

Both are high salinity, though
they come from different 
source regions.

Northern

Southern
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m
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Cross-Sea fractional distance
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Red = Equatorward

Nor
th

er
n

Southern

PNG

Solomons

?

8



Northward flow through the Solomon Sea

Individual glider sections are noisy (dots and thin line). 
    It takes more than 1 section/month to describe the low frequency.
    (The sparser sections before 2012 weren’t adequate).

Interannual anomalies are related to ENSO with a slight lag,
    but the lag is not consistent among events.  (r = 0.71, lag 2.5 months) 
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Quantifying sampling errors using Aviso (SSH) 
Method: 
- Sample Aviso at glider times/locations

- Find ug each dive, integrate transport 
      (He = 200m: best fit to glider)

- Compare Aviso “truth” = 
          simple cross-Sea difference (red)

Truth
Truth

Transport anomaly estimate from Aviso
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HEOFs of intraseasonal Aviso
improve glider interpretation

HEOF 1 = 35%

Intraseasonal
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Equator

The simplest linear wind-driven model of Solomon Sea inflow
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The glider crosses two distinct inputs to the western boundary:  tropical and subtropical

Against a continent, 
WESTERN BOUNDARY TRANSPORT


is the equatorward integral of
INCOMING ZONAL TRANSPORT. 

(Conserve mass integrating equatorward)

WB layer

Z
V (y)dx = �

Z y

y
URW dy

Pole

Against an island:
“This vorticity constraint says that, 
in the absence of circumisland wind, 

an inflow to the boundary current at latitude y will split, 
with fraction (y −  ys) / (yn − ys) going north 

and the remainder going south.”
Firing et al. (1999)
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Observed and modeled transport:  Annual cycle anomalies
Black dashes = Observed transport by region  

Colored lines = Rossby/TDIR model (Total, WBC, and shallow interior)

W
BC

Total

Interior

WBC

Interior
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Observed and modeled transport:  Interannual anomalies

14Like everything else about ENSO, different events are quite different in the Solomon Sea!
W

BC

Total

Interior

WBC

Interior

Black dashes = Observed transport by region  
Colored lines = Rossby/TDIR model (Total, WBC, and shallow interior)



Niño3.4

El Niño 

Winds and curl anomalies 
averaged over El Niño and La Niña periods

1999-2014

La Niña 

Where are the ENSO anomalies affecting the Solomon Sea?

In addition to the familiar 
anomalies on the equator, 
ENSO gives opposite-sign  
wind/curl anomalies in the 
southern subtropics, thus a 
gradient of curl near 15°S.

Sverdrupian currents occur
with d(Curl(  ))/dy.

Large ENSO flow anomalies    
of the Solomon Sea WBC  
are forced in the western 
subtropics.

⌧
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4 years of glider crossings of the Mindanao Current
                  Martha Schonau and Dan Rudnick (JPO 2017)

that there is alongshore shoaling of the thermocline of
20m within this 80-km range but that it is less than the
annual thermocline displacement (Scripps Institution of
Oceanography and International Argo Program 2009;
Roemmich and Gilson 2009). There were roughly an
equal number of profiles north and south of the mean
line to accommodate for the spatial variability. Re-
moving a linear alongshore gradient to account for
shoaling does not affect the results of the objective map.
The objectively mapped mean is thus a spatial and
temporal average.
The variability of the MC/MUC is assessed from the

standard deviation between the 10 glider missions
(Fig. 2b), each objectively mapped onto the mean line.
Linearly projecting and mapping each glider mission to-
gether averages out the linear alongshore gradient, as
gliders tended to traverse north then south of the mean

line.On four of themissions, the glider trajectory exceeded
220km from the mean line, and only the nearer transect
was included in the map. For these single transects,
alongshore thermocline depth variability was less than
10m. Since strong currents and meanders influence the
glider path, excluding observations because of distance
from the mean line would exclude temporal variability.
The standard deviation between glider missions thus re-
flects spatial and temporal variability. However, compari-
sons to Argo climatology in section 4 and to mooring
results in the conclusion indicate that temporal variance
exceeds spatial variability within the region of
observations.
An example of geostrophic velocity and salinity ob-

jectively mapped on the mean line is shown for mission
11A03601 in Fig. 3d. The MC flows equatorward near
the coast (blue), and there are two subthermocline

FIG. 2. (a) Trajectories of the 10 gliders deployed fromPalau to the 1000-m isobath along the coast ofMindanao. Arrows show themean
depth-averaged velocity from the objective map of glider profiles within 80 km of the mean line (dashed box). There are 968 profiles
included. (b) Glider missions are coded by date and glider serial number. The first two digits are the abbreviated year, the third digit is the
hexadecimal month, and the fourth and fifth digits are the glider serial number. The dashed box denotes a 220-km range where obser-
vations from each mission are linearly projected and objectively mapped onto the mean line (solid black) to assess variability between
missions. Most missions included observations north and south of the mean line. Mission 11A03601 (thick magenta) is featured as an
example in Figs. 3 and 10. (c) Annual coverage of glider missions colored by the Niño-3.4 index. Observations are at all times of the year
and ENSO phases.
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Mean section: Mindanao-Palau

FIG. 4. Mean structure of the MC/MUC from an objective map of glider profiles within 80 km of the
mean line: (a) salinity with potential temperature contours, (b) geostrophic velocity referenced to the
depth-averaged velocity on depth surfaces with potential density contours (gray), and (c) geostrophic
velocity referenced to the depth-averaged velocity interpolated to potential density surfaces with salinity
contours. In (b) and (c), equatorward velocity is negative (blue), and poleward velocity is positive (red).
Subsurface salinity extrema are nearest to the coast and advected equatorward in the MC.
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FIG. 4. Mean structure of the MC/MUC from an objective map of glider profiles within 80 km of the
mean line: (a) salinity with potential temperature contours, (b) geostrophic velocity referenced to the
depth-averaged velocity on depth surfaces with potential density contours (gray), and (c) geostrophic
velocity referenced to the depth-averaged velocity interpolated to potential density surfaces with salinity
contours. In (b) and (c), equatorward velocity is negative (blue), and poleward velocity is positive (red).
Subsurface salinity extrema are nearest to the coast and advected equatorward in the MC.
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Mindanao Palau
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observed by surface drifters (Lukas et al. 1991), its
sporadic presence is difficult to observe in hydrographic
transects (Wijffels et al. 1995; Qu et al. 1998; Firing et al.
2005; Kashino et al. 2013). The velocity variability of the
MC, its structure near the coast, and the variability of
the ME remain inadequately observed.
In the subthermocline, the polewardMUC is roughly 50

to 80km offshore of the coast of Mindanao near 500-m
depth and potential density of 27.2kgm23 (Hu et al. 1991;
Lukas et al. 1991; Qu et al. 1998), with a second velocity
core occasionally reported farther offshore (Hu et al. 1991;
Qu et al. 1998). The MUC could be a quasi-permanent
recirculation or a poleward current transporting South
Pacific water masses; intermittent subthermocline eddies
that populate the region on intraseasonal time scales
make previous observations inconclusive (Hu et al. 1991;
Qu et al. 1998, 1999; Firing et al. 2005; Dutrieux 2009;
Chiang and Qu 2013; Wang et al. 2014; Zhang et al.
2014; Chiang et al. 2015; Kashino et al. 2015; Schönau et al.
2015; Hu et al. 2016). The forcing, persistence, and con-
nectivity of the MUC, and its relationship to the thermo-
cline circulation are areas of ongoing research.
The transport of the MC/MUC forms a closed mass

system with the NEC and Kuroshio Current (KC), and
their respective undercurrents, the North Equatorial
Undercurrents (NEUCs) and the Luzon Undercurrent
(LUC) (Toole et al. 1990; Qiu and Lukas 1996; Qu et al.
1998). The relative transports of the MC and KC depend
on the bifurcation latitude of the wind-driven NEC. The
bifurcation latitude, dictated by Sverdrup theory as the
zero line of zonally integrated wind stress curl, is affected
by local Ekman pumping and suction caused by shifts

of the East Asian monsoon and the arrival of annual
Rossby waves from the central Pacific (Qiu and Lukas
1996; Kim et al. 2004; Qiu and Chen 2010). Interannual
variability of the MC is forced by basinwide changes
during ENSO. Numerical models suggest an increase in
MC transportwhen theNECbifurcates at higher latitude:
annually in the fall and interannually during El Niño
(Qiu and Lukas 1996; Kim et al. 2004; Qiu and Chen
2010). Observations have both verified (Lukas 1988;
Kashino et al. 2009) and conflicted (Toole et al. 1990)
as to the relationship of transport with ENSO. Less is
known about the transport variability of the MUC.
Transport variability of the MC/MUC impacts the

heat and salt balance in the tropical Pacific. Water
masses transported equatorward by the MC are the
North Pacific Tropical Water (NPTW), a subsurface
salinity maximum in the thermocline, and the North
Pacific IntermediateWater (NPIW), a salinity minimum
in the subthermocline (Gordon 1986; Bingham and
Lukas 1994; Fine et al. 1994; Kashino et al. 1996;
Schönau et al. 2015; Wang et al. 2015). Antarctic In-
termediate Water (AAIW), saltier than NPIW and of
South Pacific origin, is also present in the Philippine Sea
and may be carried northward by the MUC (Fine et al.
1994; Wijffels et al. 1995; Qu et al. 1999; Qu and
Lindstrom 2004; Schönau et al. 2015; Wang et al. 2015).
The volume transport and modification of these water
masses as they transit the Philippine Sea are less well
understood. Isopycnal stirring of large-scale salinity
gradients introduced by subsurface water masses creates
finescale salinity variance that leads to isopycnal
and diapycnal diffusion (Ferrari and Polzin 2005).

FIG. 1. (a) Schematic of circulation in the tropical northwestern Pacific. Red is circulation from the surface to the
bottom of the thermocline, typically 300-m depth. Main features are the NEC, MC, the Kuroshio, ITF, NECC, and
ME. Subthermocline currents (blue) that oppose the direction of thermocline flow are the LUC, MUC, and
NEUCs. (b) MDT from AVISO with contours at 0.015-m intervals. Glider observations are objectively mapped
onto amean line from 8.158N, 126.618E to 8.778N, 1308E (thick black line). Themean line is perpendicular to coastal
bathymetry and MDT near the coast.
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(16 sections over 2009-13)

Glider pushed
south by MC:
Inconsistent path

Transport time series (~4 sections/year) is not 
enough to define the annual cycle (if it exists), 
and only to weakly define interannual variability.
→ In the Solomon Sea, we need monthly transects.

the subthermocline between poleward and equatorward
velocities, centered at 1298E, suggesting water mass re-
circulation (Fig. 3d). T–S transport diagrams are used to
assess the net transport of water masses (Figs. 10c,d,e).
Subthermocline transport summed from the coast to
1288E has equatorward transport of NPIW and a pole-
ward transport of water typical of AAIW (.34.5psu,
27.2kgm23; Fig. 10c). Summing transport from the coast
to 1298E (Fig. 10d) now includes saltier equatorward
subthermocline transport (;27 kgm23, .34.5 psu).
However, thisT–S range has net poleward transport when
integrating to 1308E (Fig. 10e). Thus, the subthermocline
equatorward flow between 1288 and 1298E (Fig. 10b) is
likely a partial cyclonic circulation from farther offshore,

as confirmed by cyclonic depth-averaged velocity cen-
tered at 1298E (Fig. 3e). Such recirculation, typical of
eddies, occurs during other glider missions. However, all
glider missions had a net poleward subthermocline
transport of intermediate water that is saltier than NPIW
and typical of that found in the mean (Fig. 5b). TheMUC
is thus a persistent current by its net poleward transport
of a distinct water mass even if at times it meanders,
partially recirculates, or interacts with eddies.
Integrating the velocity over the mean line for each

glider mission and for each of the thermocline and sub-
thermocline layers (Fig. 11) provides a transport time
series. The relative stability of the thermocline transport
and variability of the subthermocline transport is

FIG. 11. Transport through the mean line for each glider mission from the surface to
27.3 kgm23 (black) and divided into thermocline (blue) and subthermocline (red) transport by
potential density 26 kgm23. Transports for each are shown as a function of (a) time, (b) day of
year, and (c) Niño-3.4 index. The thermocline transport is relatively constant compared to the
subthermocline transport, which has an inverse linear relationship with the Niño-3.4 index.
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4 years of sections across 
the MC (top)

10 years of sections across 
the NGCU (bottom)

Same depth range.
Similar offshore ranges.

Same mean transport (20Sv).

MC is faster and shallower:
(maximum above 100m)
MC has subsurface recirc.

NGCU is thicker (max near 
400m, sigma 26.5,
almost zero at the surface)

FIG. 4. Mean structure of the MC/MUC from an objective map of glider profiles within 80 km of the
mean line: (a) salinity with potential temperature contours, (b) geostrophic velocity referenced to the
depth-averaged velocity on depth surfaces with potential density contours (gray), and (c) geostrophic
velocity referenced to the depth-averaged velocity interpolated to potential density surfaces with salinity
contours. In (b) and (c), equatorward velocity is negative (blue), and poleward velocity is positive (red).
Subsurface salinity extrema are nearest to the coast and advected equatorward in the MC.
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FIG. 4. Mean structure of the MC/MUC from an objective map of glider profiles within 80 km of the
mean line: (a) salinity with potential temperature contours, (b) geostrophic velocity referenced to the
depth-averaged velocity on depth surfaces with potential density contours (gray), and (c) geostrophic
velocity referenced to the depth-averaged velocity interpolated to potential density surfaces with salinity
contours. In (b) and (c), equatorward velocity is negative (blue), and poleward velocity is positive (red).
Subsurface salinity extrema are nearest to the coast and advected equatorward in the MC.
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Mindanao →Palau

FIG. 4. Mean structure of the MC/MUC from an objective map of glider profiles within 80 km of the
mean line: (a) salinity with potential temperature contours, (b) geostrophic velocity referenced to the
depth-averaged velocity on depth surfaces with potential density contours (gray), and (c) geostrophic
velocity referenced to the depth-averaged velocity interpolated to potential density surfaces with salinity
contours. In (b) and (c), equatorward velocity is negative (blue), and poleward velocity is positive (red).
Subsurface salinity extrema are nearest to the coast and advected equatorward in the MC.
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What is possible with present data? 
Two problems:  Non-constant volume, unknown “reference temperature”

But Tony Lee (JPL), had a good idea:  An inflow changes the temperature 
of the box only if it has a different temperature than the box average.

Eq
9.5°N

9.5°S

Vg

VEk

Am
er

ica

Sol.
Sea

σθ 26.9
ITF

M.C.
VEk (CCMP winds)

Vg (Argo)

(glider)
Temp in box  
 and its faces 
 from Argo

The calculation we would like to do:
Heat (and property?) budget of the equatorial strip

Consider 
a tropical Pacific strip 
across the basin
between 9.5°S - 9.5°N:
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Where VD is the volume of the equatorial strip.

If Tref is the (time-varying) spatial-average temperature of VD,
    this expression is meaningful even if mass is unbalanced:
Heat advection across a partial interface can change the  
    domain’s temperature IF (and only IF) the interface   
    temperature differs from the domain’s average.
⟹ Choose Tref  as Tm(t), the domain-average T within VD.

    This avoids the problem of ambiguous referencing of T.

Heating/cooling tendency 
due to the Solomon Sea

partial interface

=

ZZ

Sol.Sea

v(T � Tref ) dx dz/VD

Logic of the Lee et al calculation

Solomon Sea
measurements

Basin-volume
measurements

(Lee, Fukumori and Tang, JPO 2004)19



Heat transport in the box 
0-500m

ZZ

Face

V (TFace � Tm) dz dx
Sign convention: 
Positive =
warmer-than-mean 
water into the box.

Ekman+geostrophic
are net outward,
Vertical near zero.

Clear relation between
total advective transport
and dT/dt in the box.

The Solomon Sea face
of the box carries 
about half the magnitude 
of the total transport.
It appears to more closely
correlate with Nino3.4,
and to lag the total signal.

w(500m) from Argo
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The Solomon Sea as a testbed for LLWBC work
• Gliders are appropriate to monitor boundary currents (scales).

• They are relatively inexpensive and sustainable (10 years)
  Two-person operation, no ship.  52 deployments, 1 lost glider.

• Slow gliders in a strong eddy field require frequent sampling
to resolve annual cycle and interannual signals.
Aviso is useful to evaluate sampling errors.

• Our time series shows that transports in the Solomon Sea 
make a large contribution to basin-wide transport anomalies.

• Much of the low-frequency transport variation is linear (!).

• It is (almost) possible to estimate the advective contributions 
to the interannual heat budget of the tropical Pacific strip.  
Simultaneous measurement of the Mindanao Current would  
be a big step forward. 
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