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The Spray glider is essentially an Argo float 
with wings and movable batteries

The only propulsion
is the external bladder.
A pump inflates and
deflates it like a balloon
(but with oil not air).

Moveable battery packs
control orientation and
flight

(Aft of wings shown rotated 90°)

The Spray glider is developed and built by the 
Instrument Development Group at Scripps.

Antennas in wings
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Very dense sampling (~ resolve tides)
  

Argo-comparable T-S profiles:
   geostrophic relative currents
  

Infer vertical-average absolute currents
   by the glider’s drift:
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n

Motion relative to the water

Inferred
current

CTD

Davis, Kessler and Sherman (2012)

We operate 
to 700m



New Guinea     
Coastal Current

South Equatorial Current  

East
Australian
Current

South Pacific average circulation

Coral
      Sea

Solomon
        Sea

Solomon Is.

NC

Vanuatu

Fiji

NVJ

NCJ

Australia

PNG

NFJ

SFJ

South

Equatorial

Current

Glider experiments
cross the Solomon Sea 
and measure the flow 
towards the equator.

Zoom in

Western Boundary ~25Sv Interior Geostrophic ~15Sv Ekman Divergence ~30Sv

Interocean net ~10Sv

Island Rule
(ERS winds)

Next zoom



Glider currents in the Solomon Sea     

Davis, Kessler and Sherman (2012)

21 missions
since mid-2007
(just deployed

#22-23)

(2 failures ...
but recovered 

the gliders)



Glider currents in the Solomon Sea     

Zoom

Shallow currents

Deep currents

From SEC
From NQC

Davis, Kessler and Sherman (2012)

Vectors = 0-700m average



Vertical-average currents at the tip of PNG

  The most consistent
observation is a strong
current towards the
equator at the tip of
the Louisiades.

  The current is very
close to the reef line.

Rossel

Sudest

Louisiade Chain

Davis, Kessler and Sherman (2012)



Vertical-average currents at the tip of PNG

Rossel

Tagula

Now, we’ll look at the 
vertical structure 
of the NGCU .... 
four 100km sections 
(light purple lines)        

Davis, Kessler and Sherman (2012)

Louisiade Chain



Maximum 
near 450m

Currents at the tip of the Louisiades
Each section shows 100km from the coast on the left.  Glider obs Dec 08-Jan 09

Opposite flow 
in upper layer

Note isopycnal
spreading at 

the coast
(white)

80 km

Positive (red) = Equatorward       
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The equatorward flow is an 
undercurrent

Davis, Kessler and Sherman (2012)

Louisiades



Define a function Φ, such that: ∇2Φ=0,  and:  
    Φ=0 at PNG coast,  Φ=1 at Solomons coast.
Consider velocity parallel to Φ contours “equatorward”

How to be quantitative with the 
irregularly-distributed glider tracks?

Mean
eq-ward

uϕ

EOF 1

NGCU core

From
SEC

Davis, Kessler and Sherman (2012)

Contours of Φ (by 0.1)

Define northern 
and southern tracks
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Variability is
surface-intensified,
dominantly ENSO

From
SEC



Wijffels, Firing and Toole (1995)
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Individual transport samples and SOI

Transport anomalies and SOI

Solomon Sea transport has a strong ENSO cycle
Lags SOI by “a few months”

(Also high correlation between glider transport anomalies and AVISO velocity)



La Niña transport anomalies
ENSO modifies western boundary transports: 
               La Niña tends to weaken the WBC in the west

Downwelling curl east of the Solomon Sea during La Niña:
northward interior Sverdrup flow ...  Rossby waves ...

      → expect southward WBC anomalies a few months later.

Rossby Anticyclonic
curl



Fig. 5. a) Time series of transport anomalies (Sv) from the Rossby model (black), XBT 
data (green) and Argo (red). The XBT and Argo time series are the same as in Fig. 3. 
b) Southern Oscillation Index, where red and blue shading indicates El Niño (SOI less 
than −1) and La Niña (SOI greater than +1) respectively. 
c) Mean wind stress vectors and curl (colors, scale at right) averaged over the La Niña 
periods shown in panel (b). Units given at bottom. 
d) As panel c but for El Niño periods.

a

b

c.

d. El Niño

La Niña

SOI

ENSO variation of SEC at ~160°E is surface-intensified

1.5-layer Rossby model gives much of the transportExamples of ENSO signal (ug160°E)       

Kessler and Cravatte (2013)

XBT line (green)
and

schematic circ.
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Highly schematic circulation
Upper layer
  

Subthermocline

Bathymetry: 1000m, 500m, 100m

Louisiade Archipelago

?

What are the sources of the two Solomon Sea inputs?



σ 24.75

Subducted in the eastern subtropics
     (~ 20°S,120°W)
Enters the Coral Sea north of Vanuatu
Splits, flowing:
   - directly into the Solomon Sea, and
   - south into the EAC.

Mean z = 160m   
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At the base of the thermocline
(NCJ)

Two distinct high-salinity tongues

Subducted in the Tasman Front
     (~ 35°S,160°W)
Enters the Coral Sea in the N. Caledonian Jet
Flows as a western boundary current
    - along the Queensland and PNG coasts
         into the Solomon Sea.

Kessler and Cravatte (2013)



σ23-25

σ25.5-27

Salinity anomalies on isopycnals: 2 glider sections from the Solomons

Glider sections from the Solomons to:
- New Caledonia (Jul-Oct 2005)
- Louisiades (15 sections, 2007-ongoing)
  (green lines at right)
  

High-S tongues carried across and
around the Coral Sea at shallow and
mid-depth isopycnals

Solomons N. CaledoniaLouisiades
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Glider 2007-2011 Glider Jul-Oct 2005

Salinity anomalies
from section means

Kessler and Cravatte (2013)
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Absolute geostrophic currents
CARS ug referenced with Argo
trajectory motion (more later)
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Highly schematic circulation
Upper layer
  

Subthermocline

Bathymetry: 1000m, 500m, 100m

Louisiade Archipelago

?

If NGCU is subthermocline, and (relatively) invariant at ENSO timescales, 
where does that water go?

Southern Tsuchiya Jet?



Geostrophic velocity at 200m (CARS)

Tsuchiya Jets overview 
Tsuchiya Jets flow across the entire Pacific 
at about 13°C (2-300m), feeding upwelling 
in the Costa Rica Dome and Peru coast.

Water entering the South Pacific must
(a) be lifted through the thermocline, and
(b) cross the equator
Equatorial upwelling is shallow (next slide), 
but CR Dome and Peru upwelling 
reaches much deeper (β-plume).

Cold water enters in the southeast 
Warm water leaves in the Indonesian Throughflow 

uADCP (colors) and T (contours) at 125°W

a large upwelling transport was impossible, commenting ‘‘the amount of water upwelled along the equator
certainly does not exceed a few 1012 cm3/s [Sv], otherwise the thermal structure would break down’’. There-
fore, he postulated that the EUC water must move into the lower levels of the SEC without rising to the
surface. Wyrtki corrected himself 15 years later with a since-confirmed estimate of 50 Sv of upwelling over
170–100!W, based on the meridional divergence of Ekman and geostrophic transports (Wyrtki, 1981). A
remaining item of confusion that was not cleared up until much later concerned the spreading of isotherms
about the EUC (Fig. 6 and Section 4). It was thought at the time that this spreading must be a signature
of vertical mixing, which seemed reasonable in such a strong current. However, turbulence measurements
beginning with Gregg (1976) showed that mixing is in fact very weak at the EUC core; instead being strong

Fig. 6. Mean meridional sections of temperature (white contours) and zonal current (color shading, where red is eastward and blue
westward; cm s!1) at the three longitudes listed in the lower right corner of each panel. At 125!W and 110!W, directly measured currents
are shown within ±8! latitude (see Appendix C.1); elsewhere the currents are geostrophic.

188 W.S. Kessler / Progress in Oceanography 69 (2006) 181–217

a large upwelling transport was impossible, commenting ‘‘the amount of water upwelled along the equator
certainly does not exceed a few 1012 cm3/s [Sv], otherwise the thermal structure would break down’’. There-
fore, he postulated that the EUC water must move into the lower levels of the SEC without rising to the
surface. Wyrtki corrected himself 15 years later with a since-confirmed estimate of 50 Sv of upwelling over
170–100!W, based on the meridional divergence of Ekman and geostrophic transports (Wyrtki, 1981). A
remaining item of confusion that was not cleared up until much later concerned the spreading of isotherms
about the EUC (Fig. 6 and Section 4). It was thought at the time that this spreading must be a signature
of vertical mixing, which seemed reasonable in such a strong current. However, turbulence measurements
beginning with Gregg (1976) showed that mixing is in fact very weak at the EUC core; instead being strong

Fig. 6. Mean meridional sections of temperature (white contours) and zonal current (color shading, where red is eastward and blue
westward; cm s!1) at the three longitudes listed in the lower right corner of each panel. At 125!W and 110!W, directly measured currents
are shown within ±8! latitude (see Appendix C.1); elsewhere the currents are geostrophic.
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Secondary, tertiary, quaternary Tsuchiya Jets?
Mean ug over 160°W-130°W (CARS)
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Plausible if
multiple sources
of upwelling in
the east ....
how to observe?



Treatment of Argo trajectory data
1 - Select all (892) Argo floats in the box 120°E-80°W, 12°S-12°N, from 1/2003 à 8/2011
2 - Calculate subsurface velocities from float motion (Park et al., 2005) ...

3 - Quality control (vital!):  bad GPS hits, too-high speeds, grounding, .... 
       many visual and statistical checks (about 87% of 107k values eventually accepted). 
     Estimate median error ~0.4 cm/s from unsampled motion during ascent and descent.

IF:
- Times of all 5 “events” are known
... and if ...
- Advection during ascent, descent
  and surface drift can be estimated
  (usually geostrophy + Ekman drift)
 
THEN:
Subsurface advection (red arrow)
can be estimated.
  
BUT:
This information is often missing.
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3

4

5



Mapped u at 1000 and 1500m

1000m

1500m

cm/s

Cravatte, Kessler and Marin (2012)



Annual cycle of u is the well-known vertically-propagating Mode 1 Rossby wave
- Annual propagation at same speed as found from earlier studies (of temperature variance)
- Annual cycle variance has different meridional structure from the background mean jets
- Large annual amplitude (implies jets can transiently “reverse”)

 −6    −3       0       3       6    

Mean jets

43 cm/s

cm/scm/s
Cravatte, Kessler and Marin (2012)



Meridional scale:  ~300 km between crests

Complex demodulation:
      LOCAL wavelength

u′(y) ~ A(y)cos(k	  y+ϕ(y)) + Z(y)

Initial guess for k,

Solve for A(y) and ϕ(y).
Interpret ϕ(y) as a slowly-varying

wavenumber modification.

Results:
• Larger amplitude in the south
   (about ±5 cm/s)

• Meridional scale: about 300km
   (slightly larger in the west)

• Slant poleward in the west

u′(y)

A(y)

λ
(°lat)

Cravatte, Kessler and Marin (2012)



Jets slant poleward in the west

(Firing et al. 1998)

Northern jets shallower (why?).
This might be why they appear 
weaker at 1000m.

NEIC

Cravatte, Kessler and Marin (2012)

0

Eastward (dark) and westward (light) crests

NEIC
NICC
LEIC
SICC
SEIC

If the pattern as a 
whole is a unit 
(I think it is), then
naming the currents 
individually does not
make sense.



Jets arise close to the western boundary

(Not enough data in the far western northern hemisphere )

They are connected by narrow western boundary currents

Colors = u

Cravatte, Kessler and Marin (2012)



Ideas about “striations”
1) β-plume.  A vorticity source (meridional flow past a topographic feature, or 
forced upwelling) generates a horizontal circulation much larger than the initial 
impulse.  It produces a pair of opposite jets extending west.  This is thought to be 
the origin of the striations seen in SSH west of California. (Maximenko)
Unlikely: No eastern source or features on the short meridional scale of the jets.

2) Rectified (dissipating), vertically-propagating equatorial waves (Ascani)
Monthly-period Yanai waves break, Stokes drift rectifies into a true mean flow.
Unlikely (?):  Would be confined to near the equator (3 jets). 
Does not explain why the jets increase in speed to the west. 

3) Sampling artifact of a train of eddies on a latitude line (Chelton)
Unlikely (?):  Would need a generation mechanism for eddies on this merid. scale.

4) Self-advection of relative vorticity on the flanks of a forced jet. (Kessler/Moore)
The EUC advects cyclonic ζ on both sides eastward: increases both the initial jet 
and opposite-sign jets on both sides.
Unlikely (?):  Hard to account for many reversals, does not explain western increase.



Conclude

• Argo float trajectories are a useful source of mid-depth flow (much QC)  

• A zonal jet or striation pattern spans the tropical Pacific:

     The jet region is broader than equatorial (at least 20° latitude)

     The jets do not begin at the eastern boundary or topographic features
     Crest to crest scale ~300km; 
      slant poleward in the west, stronger in the west (and south?)

 We cannot detect time-dependence (about 6 years of data) 

• Present theories do not account for this unified pattern spanning
     this wide latitude range.

• Gliders (4-6 RT/yr) sample the absolute transport through the
      Solomon Sea
• Strong ENSO signal,  mostly in the upper layer,  lagged behind ENSO 
      indices consistent with linear theories.
• The NGCU core is deeper than the ENSO signal, and less variable.



Extra
figures
below



Fine et al., JGR 1994)
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Island Rule (Sverdrup)
solution

Mapped zonal current at 162.5°E

Qiu et al. 2010
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The islands affect the circulation two ways:
- Mountains block the wind, change the curl,
- The islands block the currents.
   

Two separate jets feed the Coral Sea:

S. Equatorial Cur. (broad current at 11°-14°S),
   => slope of the main thermocline

N. Caledonian Jet (narrow jet at 18°S), 
   => shear only below ~600m

Curl around Vanuatu mountains produces
   Coral Sea Countercurrent (shallow) 

 NCJ       CSCC             NVJ             

Vanuatu

Fiji

N.C.

CSCC



Argo data distribution
Number of velocity values in 2°x1° boxes

January 2003-August 2011
“1000m floats”: 950-1050m (68k samples)

Objective analysis of u and v: 
Decorrelation scales:  
x=330 km, y=55 km, t=3 mon

Get mean seasonal cycle:  
Fields of (u,v) on a grid of
1° longitude by 1/4° latitude

“1500m floats”: 1450-1550m (15k samples)

Cravatte, Kessler and Marin (2012)



Ocean model solutions show intense eddies.
⇒ Collaboration with modelers!

⇒ Altimetry to detect eddies.

Bluelink example for 15-20 Oct 07

Example of velocity from the Bluelink model (BOM)       
                                                                     



                  

Curl(τ)(10−7
Nm

−3)

Strong downwelling curl at 4-12°S

(Quikscat winds, anomalies from the 99-08 annual cycle)

τ (5 × 10−2
Nm

−2)

Anomalous winds and curl during Aug 07-Mar 08: La Niña



Anomalous winds and curl during Aug 07-Mar 08: La Niña

                  

Curl(τ)(10−7
Nm

−3)

Rossby (Island Rule) solution driven by these winds

(Quikscat winds, anomalies from the 99-08 annual cycle)

τ (5 × 10−2
Nm

−2)



Tilted subtropical gyre, tilted WBC bifurcation

The bowl of the gyre tilts: 
westward shear below, 
eastward shear above.

CARS climatology (Ridgway & Dunn 2003)

SEC
STCC

175°W:  Mean zonal current (color) 
and temperature (green contours)
→ SubTropical CounterCurrent ←

An independent estimate of climatological 
alongshore velocity along the coast of Australia

Qu and Lindstrom (2002 JPO)

→ What is the connection between these two?



Tilted subtropical gyre, tilted WBC bifurcation

The bowl of the gyre tilts: 
westward shear below, 
eastward shear above.

CARS climatology (Ridgway & Dunn 2003)

SEC
STCC

175°W:  Mean zonal current (color) 
and temperature (green contours)
→ SubTropical CounterCurrent ←

An independent estimate of climatological 
alongshore velocity along the coast of Australia

Kessler and Cravatte (2013)

→ What is the connection between these two?



The WBC integrates the incoming zonal transport equatorward
(because information travels equatorward on a western boundary).
Need a southern boundary condition:  WBC(ys).
 ..... a la Godfrey (1975)

WBC(y) = WBC(ys) −

∫ y

ys

ugdy′

Conserve mass in western boundary layer.  
→ WBC is equatorward integral of incoming/outgoing transport.

y

Incoming zonal transport (u < 0)

Outgoing zonal transport (u > 0)

(Arbitrary) southern boundary condition (WBC(ys))

Example of method:

Incoming zonal transport
→ Eq-ward WBC tendency

Outgoing zonal transport
→ poleward WBC tendency



Solomon Sea

{
10°-20°C  thickness (glider)

Isotherm spreading at western boundary:  
South Pacific LLWBCs are undercurrents

Climatological temperature at 10°S

(CARS) Red = thick,   Blue = tight
Isotherms

tight

Isotherms 
spread

Isotherm spreading at western boundary

Poleward shear above NGCU: Undercurrent
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XBT track
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Sampled from 6-10°S
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Velocity and salinity profiles
in the NGCU

Speed vs depth (left), density (right)

Colors show salinity
Sections are averages within 85km of the coast

Map showing section locations
16 sections during Dec 07-Jan 10

z = 400m

σ = 26.6

Salinity

D
ep

th
 (

m
)

Si
gm

a-
th

et
a

Crosstrack speed (cm/s) Crosstrack speed (cm/s)

A highly-sheared system. NGCU is below the EUC and salinity maximum.





Mean	  and	  Variability	  of	  vɸ


