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Abstract

The Solomon Sea carries the equatorward western boundary current of the South

Pacific, a principal element of subtropical-equatorial communication. Eighty-

seven glider transects across the mouth of the Sea over nine years describe the

velocity structure and variability of this system. The time series spans two El

Niños and two La Niñas, which produced large transport anomalies, up to 50%

of the mean. While transport increased during El Niños and decreased during

La Niñas, their signatures were inconsistent among the events. Separated glider

tracks show the merging of two inflows, one from the tropics east of the Solomon

Island chain, the other entering as a western boundary current generated by

winds over the full subtropical gyre. A model of linear wind-driven dynamics,

including western boundary currents, had skill in describing the variability of

the two inflows, identifying the distinct wind forcing driving each. The model

suggests that both the mean and low-frequency variability of flow entering the

Solomon Sea are driven remotely by wind over the South Pacific, acting through

long Rossby waves. The ultimate significance of in situ observations in this
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small sea will be to describe its role in subtropical-tropical heat exchange that

is crucial to ENSO and longer-timescale climate variations along the equator.

We take an initial step here, suggesting that temperature advection through the

Solomon Sea is a first-order contribution to interannual temperature changes of

the equatorial strip as a whole.

Keywords: Tropical oceanography; Equatorial waves; Western boundary

currents; Subtropical gyres; Wind-driven currents; Underwater vehicles; South

Pacific Ocean; Solomon Sea

1. Introduction1

Tsuchiya (1981) began modern interest in the Solomon Sea with his early2

demonstration that this small basin was the conduit for much of the flow from3

the South Pacific to the equator. Tsuchiya’s schematic pathways, confirmed by4

more recent work (Toggweiler et al., 1991; Fine et al., 1994; Goodman et al.,5

2005; Pena et al., 2013), were based on sparse water property sampling. These6

measurements and Tsuchiya’s interpretation gave impetus for the WEPOCS7

cruises of the late 1980s that added much local detail including early velocity8

moorings in the straits and a variety of biogeochemical measurements (Tsuchiya9

et al., 1989; Ganachaud et al., 2017). However, velocity sampling has remained10

limited and short-term (see Cravatte et al., 2011; Gasparin et al., 2012; Ger-11

mineaud et al., 2016), despite the Solomon Sea’s situation as a bottleneck where12

short coast to coast transport measurements provide a useful diagnostic of the13

subtropical-equatorial western boundary connection. Flow variations through14

the low-latitude western boundary currents of both hemispheres are known to15

be an important element of the recharge-discharge of mass and heat that is16

a crucial component of ENSO (Izumo et al., 2002; Kug et al., 2003; Lee and17

Fukumori, 2003; Izumo, 2005; Qin et al., 2015; Ishida et al., 2008), so reliable18

measurements of both quantities and their transport are required for both di-19

agnosis and model development. The work described here is a response to this20

need, producing a 9-year (and ongoing) time series of temperature, salinity and21

2



velocity across the southern entrance to the Solomon Sea. It follows an earlier22

paper based on the first 3.5 years of the same glider transects (Davis et al.,23

2012).24

This paper has three goals: To describe velocity, property and transport25

patterns in the Solomon Sea as seen by 33 glider missions spanning 2007–2016,26

including the sources of error and uncertainty in this sampling (sections 2–4); to27

assess the mechanisms driving this variability and its structure on annual and28

interannual timescales using a simple wind-driven model of the South Pacific29

(section 5); and to use the glider velocity and temperature measurements in a30

preliminary evaluation of the impact of Solomon Sea temperature advection on31

the basinwide equatorial strip (section 6).32

Two crucial features of the South Pacific determine overall Solomon Sea ve-33

locity structure. First, the roughly 15 Sv transport of the Indonesian Through-34

flow (ITF; Sprintall et al., 2009) makes the Solomon Sea fundamentally different35

from other western boundary current (WBC) systems. Unlike most other such36

systems that primarily balance Sverdrup transport integrated over the gyres to37

their east, Solomon Sea mean flow is dominated by the net northward transport38

through the South Pacific required by the ITF.39

Consider the situation in the South Pacific with the ITF either open or40

closed, keeping identical winds in each case, and ignoring Bering Strait. If the41

ITF were closed, total mean meridional transport between South America and42

Australia/New Guinea would be zero (as it is across the North Pacific). Both43

the strong subtropical anticyclonic and weaker tropical cyclonic gyres would be44

completed by WBCs that balanced Sverdrup transport at each latitude, thus45

strongly southward along the coast of central Australia and weakly northward46

in the Solomon Sea. With the ITF open, an additional northward transport of47

about 15 Sv is required at all latitudes from Tasmania to the equator. Given48

identical winds, the interior Sverdrup gyres would be identical in both cases, so49

in a linear, vertically-integrated sense the transport difference could only occur50

in the WBCs. The actual situation is certainly more complex than this, as the51

heat drained by the ITF from the Pacific to the Indian Ocean (Lee et al., 2002)52
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likely induces a complex set of coupled basin-scale modifications to the entire53

gyres, but the first-order deduction is that a principal effect of the ITF is to add54

about 15 Sv northward transport to both South Pacific WBCs. Instead of strong55

subtropical and weak tropical WBCs, the open ITF reverses their magnitudes56

to suggest a very strong tropical and relatively weak subtropical WBC. This57

topic is discussed further in section 5.58

The second key dynamical feature of the South Pacific affecting the Solomon59

Sea is its thick subtropical gyre, with outcropping isopycnals to at least sigma60

27.2, which feeds the subthermocline WBC (section 4; Tsuchiya, 1981; Kessler61

and Cravatte, 2013b). The roughly 15 Sv required by the Indonesian Through-62

flow appears to enter lower thermocline layers of the gyre from the southeastern63

Pacific at isopycnals near sigma 27 or deeper (Iudicone et al., 2007). Subduction64

of this water occurs at the Subantarctic Front, whose position is furthest south65

in the eastern Pacific and lends higher densities to these water masses than is66

typical of this front in other basins (McCartney, 1982), ventilating this rela-67

tively deep subthermocline layer and eventually flowing in the lower gyre to the68

low-latitude WBC. Yet-unknown processes occurring in unknown locations as69

this water circulates around both the North and South Pacific must produce its70

modification either in the Solomon Sea (Alberty et al., 2017) or after transiting71

the Solomon Sea, because water leaves the Pacific in the ITF at much lower den-72

sities. By contrast, the corresponding equatorward WBC in the North Pacific73

(the Mindanao Current) is much shallower, with both its mean and variability74

surface-intensified and occurring mostly above 300 m (Schonau and Rudnick,75

2017).76

Beyond these defining mean features, Solomon Sea variability plays a large77

role in interannual fluctuations of Pacific tropics because water flowing through78

the Sea is a principal source for the equatorial current system (Scully-Power,79

1973; Tsuchiya, 1981; Tsuchiya et al., 1989; Davis, 2005; Grenier et al., 2011),80

so changes in the either the mass transport or properties of that transport (set81

where the water is subducted into the subtropical gyre) can potentially affect the82

evolution on the equator. We will show that Solomon Sea transport is strongly83
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correlated with ENSO variability (section 4), and further, that temperature84

advection through the Solomon Sea is a large influence on interannual heat85

content variability over the entire equatorial band (section 6).86

2. Data and processing87

2.1. Glider sampling88

Thirty-seven gliders have been launched in the Solomon Sea, with the first89

in July 2007 and the latest mission used here in August 2016. Three of these90

failed before completing any coast-to-coast transects, two due to apparent fish91

strikes, one to internal component problems; all were recovered. Three more92

deployments failed after completing at least one transect and were also recov-93

ered; no gliders have been lost during this period. One other mission was used94

to explore the northern Solomon Sea and is not discussed here. The 33 partly95

or completely successful missions, with almost 17,000 individual dives covering96

more than 70,000 km, accomplished 87 coast-to-coast transects (Fig. 1). How-97

ever, the failures, as well as shipping and other operational delays, introduced98

a few long gaps in the time series; the longest of these was 193 days in early99

2009, with two successive gaps of more than 100 days in 2010 (ticks on the time100

axis of Fig. 2). Consequences of these gaps for the interpretation are discussed101

in section 2.2 below.102

Here, “coast-to-coast” means gliders approach within 5 km of the shallow103

reefs at each end of the transect. This close approach is particularly important104

on the western (New Guinea) side where the flow is strong close to the coast.105

After some early experimentation, our western endpoint was chosen as Rossel106

Island at the eastern end of the Louisiade Archipelago that extends from the107

mainland of Papua New Guinea (Fig. 1). Channels between islands in this chain108

are shallow (less than 250 m deep) and/or narrow (less than 10 km wide), so109

Rossel Island appears to be a reliable endpoint.110

Similarly, the islands of the Solomons chain are separated by shallow and111

narrow channels from the southern tip of Guadalcanal at 10◦S to Buka Island at112
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Figure 1: Bathymetric map of the Solomon Sea (brown shading, with levels 100 m, 500 m and

1000 m). Green dots show the approximately 17,000 glider dives and their separated southern

(westbound) and northern (eastbound) tracks, with arrows showing the track direction. Red

circles show the endpoints of the glider transects; the launch point (Gizo) at northeast, and

turnaround point (Rossel) at southwest. Labels “G” and “B” show the locations of Guadal-

canal and Buka Islands, respectively, the limits of the nearly-continuous part of the Solomon

Island chain. Blue contours show the coordinate φ used to associate data from the irregular

tracks (section 2.3). The small inset map situates the Solomon Sea in the southwest Pacific.

5◦S (Fig. 1), forming an essentially solid barrier to large-scale ocean circulation.113

In the east, we launch and recover gliders out of Gizo, Solomon Islands, the114

nearest point opposite Rossel that has shipping and air service. The Gizo-115

Rossel transect thus measures virtually all flow entering the Solomon Sea from116

the South Pacific. Currents are generally much weaker in the east, and Gizo is117

in a broad indentation of the coast with consistently weak currents. We also118

launched two early missions out of Honiara while learning to work in this remote119

country.120

The Spray glider makes 20–25 cm s−1 through the water (Rudnick and Cole,121

2011). Since Solomon Sea currents can be as large or larger than this, we cannot122

accomplish straight-line transects across the Sea, especially in the vertically-123
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thick, fast WBC. Instead, westbound gliders (outbound from Gizo) must track124

south and offshore of the boundary current, returning on a shorter transect125

about 200 km to the north, yielding a clockwise route (Fig. 1). The tracks126

thus naturally produce two separated transects which have distinct velocity127

characteristics, discussed in section 4 below.128

For the first 6 years of the project, early-generation Spray gliders were ca-129

pable of a single round-trip across the Sea, and required project personnel to be130

present at each deployment and recovery; these two factors limited our sampling131

which averaged 58 days between transects. This was barely adequate to resolve132

the signals of interest (section 3), and was subject to longer gaps if something133

went wrong as noted above. Since mid-2013, technical improvements to the glid-134

ers have allowed them to go deeper and faster, producing two round-trips per135

mission. In addition, we have trained Solomon Islanders to deploy and recover136

gliders we build and store there, allowing better spacing of missions. These two137

improvements have reduced the average time between transects to 26 days (ticks138

along the bottom of Fig. 2).139

The improved gliders also allowed the dive depths to increase during the140

project. Of the 87 transects discussed here, the first sampled to 500 m, the next141

four to 600 m, the next 30 to 700 m, and the last 52 to 1000 m.142

Spray gliders measure temperature and salinity using a Seabird 41-CP pumped143

CTD. They infer vertical-mean absolute velocity, averaged over the 4–5 hours144

of a dive, from the observed dive and resurface positions and a flight model145

that estimates the glider’s motion relative to the water velocity based on the146

known three-dimensional orientation of the glider throughout its dive (Sher-147

man et al., 2001; Davis et al., 2012; Rudnick and Cole, 2011; Rudnick et al.,148

2016). Quality-controlled temperature and salinity profiles and vertical-mean149

horizontal velocities for the 33 missions considered here are available at https:150

//spraydata.ucsd.edu/projects/Solomon (Davis, 2016). Additional correc-151

tions are applied to the vertical-mean velocities to account for effects of fouling152

and sideslip as described in Davis et al. (2012) (Appendix). These produce an153

RMS difference of 2 Sv from the standard flight model that uses a default angle154
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Figure 2: Time series of coast-to-coast equatorward transport above 700 m (Sv). Black

line with triangles shows the 87 transect values; upward-pointing triangles show eastbound

transects, downward-pointing westbound, and brown ticks at bottom show the central date of

each transect. The first 5 transects are connected by dashed lines to indicate that they result

from a downward extrapolation (section 2.2). As indicated in the legend, the green dashed

line shows the average annual cycle of these, the blue line shows the interannual anomalies

(see section 2.1), and the red line shows the “low-frequency” time series, which is the sum of

the annual cycle plus the interannual anomalies.

of attack; the difference is smaller than the typical geophysical errors caused155

by slow sampling in a field of vigorous eddies (section 3). Prior to computing156

crosstrack geostrophic shear, we remove high frequency variability from the data157

by an along-track objective mapping using a Gaussian covariance matrix with158

a 3.5 days decorrelation scale and noise-to-signal ratio of 0.01.159

2.2. Glider transport estimation160

The combination of absolute vertically-averaged velocity with geostrophic161

crosstrack shear derived from the observed density yields the absolute geostrophic162

crosstrack velocity vN as a function of depth and glider position. Ekman trans-163

port is at least an order of magnitude smaller, with its importance reduced here164

because winds (and their annual cycle variability) in the Solomon Sea tend to165

be along the axis of the Sea (Fig. 3a), so the resulting cross-Sea Ekman con-166

tribution makes a small contribution to the equatorward transport of interest167

here.168
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a.

b.

Figure 3: Wind stress variance ellipses for (a) annual cycle and (b) interannual anomalies.

Black vectors are means. Both panels use the same scale for vectors (lower left) and ellipses

(lower right).

Coast to coast volume transport Q (m3 s−1) is169

Q(t) =

∫ 0

−D

∫ L

0

vN (s, z) dsdz (1)

where vN is the absolute geostrophic crosstrack current, ds is the alongtrack170

distance of each glider dive with L the total transect length, and z is depth with171

D the total dive depth. Q is the quantity shown in Figs. 2 and 4, and wherever172

glider-measured transport is compared with other measures (e.g., Fig. 10 and173

the top panels of Figs. 15 and 16).174

Since much of the transport variability is shallow, we considered reporting175
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transport values only over the deepest common depth of 500 m, which would176

omit a large fraction of the data. Experience with the deeper missions shows that177

the coast-to-coast transport integral (though not the dive-by-dive velocity itself)178

has a consistent linear vertical shear between 400 and 700 m, with correlations179

above 0.98 for these depth ranges. We thus use a linear least squares fit to180

extrapolate the five early shallow transport integrals to 700 m; transport time181

series discussed here include this extrapolation (Fig. 2). However, although182

more than half the transects extended to 1000 m, these coincided with the183

recent frequent repeats, covering only about the last one-third of the time series184

length; we therefore did not consider this adequate to extrapolate the early185

transects to 1000 m.186

The few long gaps posed a second difficulty in estimating a consistent time187

series. As mentioned above, the year 2010 was poorly sampled with only 4188

transects, in January, May, October and November (ticks on the time axis of189

Figs. 2 and 4). That year saw the termination of one of the two El Niños190

during this period (maximum Niño3.4 SST in Dec 2009) and the subsequent191

large transport decrease due to La Niña (minimum in Nov 2010). Apparently-192

large fluctuations of Solomon Sea transport occurred during 2010, including193

an equatorward transport peak that is one of the larger events in our record.194

As we are interested in the low-frequency transport variations, and have no195

expectation that the present sampling could resolve frequencies higher than196

seasonal (section 3), we used the following procedure to estimate a low-frequency197

time series of transport:198

1. Piecewise-linearly interpolate the irregularly-spaced transport values to199

daily, then smooth with a 3-month running mean applied twice (5-month200

triangle filter);201

2. Compute an average annual cycle by taking 12 monthly averages;202

3. Interpolate this annual cycle to the original transect dates, subtract it203

from each mission’s transport value;204

4. Define the interannual anomaly as the difference in step 3, and smooth205
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again with a 3-month running mean applied twice.206

Three time series result from this procedure: the average annual cycle from207

step 2 (green dashes in Fig. 2), the interannual anomaly from step 4 (blue line208

in Fig. 2, and Fig. 4), and the “low-frequency transport time series” defined as209

the sum of these two (red line in Fig. 2). Although the linear interpolation in210

step 1 is a strong assumption where the sampling is sparse, as it was in 2009 and211

2010, we have no confidence that any method would produce a more credible212

estimate, and therefore chose the simplest.213

2.3. Irregular glider tracks and their complications214

Because the glider speed through the water is similar to that of the currents215

it encounters, the pathways taken during transects are not uniform (Fig. 1).216

With complicated coastlines, varying width of the Sea, and narrow currents217

strongly tied to the New Guinea side, it is not straightforward to construct218

averages or low-pass filters when, for example, the glider crosses the western219

boundary current at varying locations.220

As the important coordinate is distance from the coast of New Guinea, we221

introduce a cross-basin coordinate φ(x, y), defined by ∇2φ = 0, and made to222

follow coastlines by boundary conditions φ = 0 on the New Guinea coast, and223

φ = 1 on the Solomons coast (Fig. 1). Manual adjustments were made in a224

Figure 4: Interannual anomalies of glider-measured equatorward transport (black line; Sv)

overlaid on anomalies of Niño3.4 SST (color shading, scale at right, where pink indicates El

Niño and blue La Niña tendencies).
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few places to avoid small islands and narrow bays. These choices define φ with225

a smooth gradient across the Solomon Sea, and its contours approximate the226

generally equatorward flow paths observed (Davis et al., 2012).227

For scalars like temperature and salinity, φ is simply a cross-basin coordi-228

nate that allows averaging, providing a reference to compare values at differ-229

ent latitude-longitude values but similar locations relative to the basin width.230

Describing velocity is more complex. Although the gliders measure both com-231

ponents of depth-averaged velocity, only the crosstrack component of shear is232

known. While crosstrack current vN defines transport unambiguously when233

integrated coast to coast, individual samples of vN can be a poor velocity de-234

scriptor because they depend both on the direction of glider track to which vN235

is normal, and on the ocean currents it measures. More useful descriptors are236

obtained by writing the coast-to-coast transport (1) in terms of φ, or in terms237

of its perpendicular r, the distance across the basin moving normal to φ (see238

Fig. 5):239

Q(t) =

∫ 0

−D

∫ 1

0

ds

dφ
vN (s, z) dφdz

=

∫ 0

−D

∫ R

0

ds

dr
vN (s, z) drdz (2)

The glider’s alongtrack progress ∆s, its position φg(x, y, t) and progress240

across φ-contours ∆φ, and the perpendicular distance ∆r between φ-contours241

at φg(x, y, t) are straightforwardly found from the sequence of glider dives. The242

integrand of the second of (2) defines the useful quantity uφ:243

uφ ≡
ds

dr
vN (s, z)

which thus represents cross-track velocity (m s−1) projected on φ-contours, with244

the positive direction chosen equatorward (Fig. 5). We refer to uφ as a pseudo-245

velocity, not a physical quantity; it is the velocity that when integrated in ∆r246

would produce the measured transport Q, hence an appropriate way to compare247

or average measured vN on tracks in different locations. While uφ is thus useful248

to display equatorward velocity in familiar units, it is most suitable when the249
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Figure 5. Schematic diagram showing the relations among the
vectors ∆s (glider motion during a single dive from ! to !+∆!), 
∆r (perpendicular to ! contours, with angle θ from ∆s), VN 
(crosstrack transport, perpendicular to ∆s), and the pseudo-
velocity uΦ (parallel to ! contours; section 2.2).

VN
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Figure 5: Schematic diagram showing the relations among the vectors ∆s (glider motion

during a single dive from φ to φ + ∆φ), ∆r (perpendicular to φ contours, with angle θ from

∆s), VN (crosstrack transport, perpendicular to ∆s), and the pseudo-velocity uφ (parallel to

φ contours; section 2.3).

glider path is nearly perpendicular to contours of φ, so that the cross-track250

velocity vN we measure is largely the same as uφ (Fig. 5). Conversely, when the251

glider path ∆s is nearly parallel to contours of φ, the usefulness of cross-track252

shear to describe equatorward, along-φ flow is degraded, and the effect of small253

errors becomes magnified. For this reason, we restrict the calculation of uφ254

to where the angle θ between the track direction ∆s and the perpendicular to255

φ contours ∆r is less than 70◦ (Fig. 5). Overall about 92% of dives met this256

standard, though it is inevitably common that gliders tend to follow φ contours257

near the west endpoint of our transects while being swept downstream in the258

strong current near the coast; the majority of the glider dives that could not be259

used to calculate uφ are west of φ = 0.3. Thus, although uφ formally produces260

an identical transport Q when integrated coast to coast as in (2), uφ is used here261

only as a convenient way to display velocity on cross-Sea transects (e.g., Fig. 6).262

Transport calculations reported here are found unambiguously by integrating263

vN coast to coast (equation (1)).264

2.4. Wind data (CCMP v2.0)265

The Cross-Calibrated Multi-Platform (CCMP) version 2 product combines266

Version-7 RSS radiometer wind speeds, QuikSCAT and ASCAT scatterometer267
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Northern

Southern

Figure 6: Mean sections of uφ (cm s−1; scale at right) on the two glider tracks separately

(labels at lower right), shown as a function of the cross-Sea coordinate φ, from φ = 0 on the

Papua New Guinea side to φ = 1 on the Solomons side (section 2.1). The positive direction

(red) is equatorward. Data used to construct the sections are shown in Fig. 1. The two

green lines separate regions with different sampling periods (section 2.1): Above the green

line at 600 m sampling was complete throughout the record (with a single exception); between

600 m and 700 m sampling was complete after the first year; below 700 m sampling began

in mid-2013. The time means shown here were computed over each period separately. White

contours show isopycnals.

wind vectors, moored buoy wind data, and ERA-Interim model wind fields using268

a variational analysis to produce four maps daily of 0.25-degree gridded vector269
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winds (Atlas et al., 2011). The CCMP v2 winds are available from July 1987270

through May 2016. We constructed daily averages of the (u, v) wind components271

on a one-half degree grid, then estimated stress assuming constant atmospheric272

density 1.2 kg m−3 and drag coefficient CD = 1.25 × 10−3. Wind stress curl273

used to force the Rossby model (section 5) was found from these daily stresses,274

then averaged to monthly values.275

2.5. Argo T and S276

The Roemmich-Gilson Argo Marine Atlas provides global, monthly-gridded277

ocean temperature and salinity fields during 2004 to 2016 (Roemmich and278

Gilson, 2009). The data set consists of Argo-only derived temperature and279

salinity fields mapped on a 1◦ by 1◦ grid, on 58 vertical pressure levels from the280

surface to 2000 dbar, with vertical resolution coarsening with increasing pres-281

sure. The data set can be downloaded from http://sio-argo.ucsd.edu/RG_282

Climatology.html.283

We use the Argo Atlas data to describe the temperature variation over the284

tropical Pacific band as a whole, and to calculate geostrophic velocity referenced285

to 2000 dbar at the southern and northern edge of the band for the temperature286

advection calculation in section 6.287

2.6. Aviso Sea Surface Height288

Multimission satellite altimeter gridded sea surface height (SSH) is computed289

on a 1/4◦ by 1/4◦ daily grid with respect to a 20-year mean (1993–2012) and290

distributed by the Copernicus Marine and Environmental Monitoring Service291

(CMEMS; http://marine.copernicus.eu). The CMEMS product is known292

as Aviso (“Archiving, Validation and Interpretation of Satellite Oceanographic293

data”).294

We use Aviso data to characterize variability in the Solomon Sea region,295

especially high-frequency fluctuations that the glider data cannot resolve.296
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3. Geophysical Sampling Errors297

3.1. Intraseasonal “eddies”298

Errors due to inadequate sampling of geophysical signals are probably the299

largest source of uncertainty in the transport integrals shown here (Davis et al.,300

2012, Appendix). Much of the sampling difficulty stems from the vigorous eddies301

that have been described several times, from glider data (Gourdeau et al., 2017),302

satellite altimetry (Melet et al., 2010), and surface drifters (Hristova and Kessler,303

2012).304

Organized intraseasonal (20–120 days) SSH variability from Aviso (section 2.6)305

has RMS magnitude as large as its annual cycle variability, and about half the306

Figure 7. Standard deviation of Aviso SSH split  by  frequency bands 
over 2007-2016. The variance averaged over the Solomon Sea in each 
band is labeled within each plot panel, and expressed as a percentage 
of total SSH variance over the Solomon Sea. The intraseasonal 
variance (bottom panel) is shown decomposed in Fig.8.

Figure 7: Standard deviation of Aviso SSH split by frequency bands over 2007–2016. The

variance averaged over the Solomon Sea in each band is labeled within each plot panel, and

expressed as a percentage of total SSH variance over the Solomon Sea. The intraseasonal

variance (panel c) is shown decomposed in Fig. 8.
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Figure 8. First mode of the Hilbert EOF (see section 3) decomposition of Aviso intraseasonal SSH (shown in Fig.7.c), representing 35.2% of 
the intraseasonal variance. Panels a,b show the real and imaginary  part of the oscillatory model, c,d show the same information but as a spatial 
amplitude and phase. Panel e shows the spectrum of the EOF time series, where the dotted lines are the 95% confidence, panel f its temporal 
modulation with overlaid low-pass filter.

Figure 8: First mode of the Hilbert EOF (see section 3.1) decomposition of Aviso intraseasonal

SSH (shown in Fig. 7c), representing 35.2% of the intraseasonal variance. Panels a,b show

the real and imaginary part of the oscillatory mode, c,d show the same information but as

a spatial amplitude and phase. Panel e shows the spectral peaks of the principal component

(red line), with a 95% confidence interval (grey lines).

magnitude of its interannual RMS (Fig. 7). A Hilbert EOF analysis (Horel,307

1984) shows that a substantial fraction (35%) of the intraseasonal SSH vari-308

ance is explained by a single statistical mode. The leading HEOF mode de-309

scribes a propagating oscillation with a wavelength comparable to the basin size310

(Fig. 8c,d), westward phase propagation with phase speed 20 cm s−1 (Fig. 8d),311

and spectral peak at 52 days (Fig. 8e). The real and imaginary part of the312

Hilbert EOF give an alternate view of the mode, showing the propagating os-313

cillation a quarter-period apart – the dominant intraseasonal signal consists of314

400 km diameter, basin-filling eddies, of alternating sign, that originate in the315

southeast corner and propagate west (Fig. 8a,b). It appears that the quasi-316

stationary cyclonic eddy near Solomon Strait in the northeast Solomon Sea317

discussed by Gourdeau et al. (2017) is a different phenomenon than the intrasea-318

sonal propagating features seen on our southern Solomon Sea glider tracks.319

Intraseasonal variability is larger inside the Solomon Sea than in the region320

to its east (Fig. 7c), suggesting that the basin-filling eddies are generated within321

the Sea, but the originating mechanism of these features has not been explained.322

The Hilbert EOF spatial pattern and period suggest the excitation of a basin323

mode determined by the geometry of the Sea. Indeed, for a rectangular basin of324

the size and latitude of the Solomon Sea the period for the gravest basin mode325
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is 45–60 days. Resonant basin modes are observed in other tropical locations326

(e.g., the Celebes Sea; Qiu et al., 1999).327

The eddies pose a sampling problem for low-frequency variations, for several328

reasons: They produce large transport changes on shorter timescales than the329

present glider sampling strategy can measure, and the intraseasonal geostrophic330

currents are as large or larger than the speed of the glider through the water, so331

the glider’s path is partly determined by the eddy currents themselves. Occa-332

sionally the glider encountered mid-basin currents (i.e., not part of the western333

boundary jet) strong enough to reverse its progress; these might be indicative334

of submesoscale vortices (Srinivasan et al., 2017).335

3.2. Evaluating sampling with Aviso336

We can take advantage of the gridded Aviso fields to investigate transport337

errors expected from the glider’s relatively infrequent sampling, slow motion338

and irregular path through a vigorous eddy field. A “transport” time series that339

represents much of the mass transport variability measured by the glider can be340

derived from SSH gradients by choosing a scale depth to associate geostrophic341

surface velocity to transport; here we find that a scale depth of 200 m gives the342

closest least squares fit between glider-measured 0–50 m and 0–700 m transport.343

We compare two ways to estimate cross-Sea transport, both constructed344

from Aviso. “Truth” is based on a simple daily cross-Sea SSH difference. A345

second “glider-like” measure samples Aviso SSH at the daily-averaged times346

and locations of each glider dive, finding transport by integrating the resulting347

cross-track geostrophic velocity segments, resulting in 87 transport estimates348

with sampling like that of the glider data (Fig. 9). Since both measures are349

built from surface geostrophy only, the comparison isolates transport errors350

associated with the glider path and slow passage across the Sea.351

Individual mission RMS differences between the “glider-like” measure and352

“truth”, averaged over the durations of each mission (black horizontal bars353

in Fig. 9) are 5.0 Sv, with maximum difference of 12.9 Sv. Noting the rapid354

fluctuations of the yellow “daily truth” time series in Fig. 9, it is clear that355
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Figure 9: Time series of geostrophic transport anomaly estimates entirely from Aviso (see

section 3.2). “Truth” is based on a simple cross-Sea SSH difference, computed daily; “Glider-

like” is based on SSH sampled at the times and positions of each glider dive, where the

black horizontal bars show the duration of each transect. Since the “glider-like” transport

estimates are integrals over a glider path, they do not necessarily fall on the daily “truth”

line. Low-frequency estimates include both the annual cycle and interannual anomalies, and

were calculated as done for the glider data itself (section 2.2), shown in Fig. 2.

any single glider transect’s integral can be significantly unrepresentative of the356

flow during that transect. However, when the “glider-like” transport measure is357

piecewise-filled and filtered to low frequencies as was done for the actual glider358

measurements (section 2.2), the time series demonstrates all the same peaks and359

troughs as the “truth” measure, with similar magnitude and phasing (Fig. 9).360

The correlation between “truth” and “glider-like” low-frequency transports from361

Aviso is 0.93, with RMS difference 2.6 Sv, suggesting that the sampling as done362

by the gliders adequately describes the low-frequency signals of interest.363

This comparison also demonstrates the significance of the technical and op-364

erational improvements to the gliders implemented in mid-2013 (section 2.1),365

that resulted in approximately doubling the number of transects/year with more366

regular spacing. Before 2013, with an average of 58 days between transects (in-367

cluding a few long gaps that produced especially-large differences), the RMS368

difference between the “truth” and “glider-like” low-frequency measures was369

3.0 Sv. After mid-2013, when the average interval dropped to 26 days, the RMS370
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Figure 10: Time series of interannual transport anomaly estimates from Aviso (red) and glider

(green). Two estimates were made from the glider data: 0–700 m as used in the rest of the

paper (solid), and 0–200 m (dashed) for this comparison only.

difference reduced to 1.8 Sv (Fig. 9).371

However, despite more-frequent sampling improving the measurement of low372

frequencies after 2013, the high-frequency differences between daily “truth” and373

the “glider-like” time series were virtually the same (3.5 vs 3.7 Sv) across the374

two sampling regimes. This indicates that the dominant 45–60-day eddies are375

inherently not well sampled by glider transects that take 20–50 days per transect,376

even with more frequent sampling.377

Comparing the Aviso estimates and in situ glider time series (Fig. 10) shows378

that an estimate based on SSH reproduces observed interannual transport vari-379

ability fairly well (r = 0.60), though with a notable discrepancy during the El380

Niño of 2009–10 that will be discussed later.381

4. Observed transport mean and variability382

4.1. Two separated tracks383

The operational need to navigate the gliders in a clockwise route produces384

separated cross-Sea tracks (section 2.1; Fig. 1). The southern track has two385

distinct mean velocity maxima: a strong narrow boundary current along the386

Louisiade Archipelago, about 80 km wide, and a relatively broad mid-basin387

inflow (Fig. 6, bottom, and Fig. 11). The narrow boundary current is the New388
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Figure 11. Mean vectors of absolute vertically-averaged velocity  (black; scale vector at 
bottom) on the mean westbound (southern) and eastbound (northern) glider tracks. The colored 
shapes around each vector head show its direction and magnitude during the climatological 
year (color scale at right). Brown contours are contours of the cross-Sea coordinate ! (section 
2.2). Gray shading shows bathymetry at 100m, 500m and 1000m.

Figure 11: Mean vectors of absolute vertically-averaged velocity (black; scale vector at bottom)

on the mean westbound (southern) and eastbound (northern) glider tracks. The colored shapes

around each vector head show its direction and magnitude during the climatological year (color

scale at right). Brown contours are contours of the cross-Sea coordinate φ (section 2.3). Gray

shading shows bathymetry at 100 m, 500 m and 1000 m.

Guinea Coastal Undercurrent (NGCU; Lindstrom et al., 1987; Tsuchiya et al.,389

1989; Sokolov and Rintoul, 2000; Qu and Lindstrom, 2002; Gasparin et al.,390

2012), and the mid-basin inflow has been identified as the North Vanuatu Jet391

(Gourdeau et al., 2008; Couvelard et al., 2008; Choukroun et al., 2010; Kessler392

and Cravatte, 2013a). By contrast, the northern track has a single, broader,393
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maximum on its western side, where the WBC and mid-basin inflows appear394

to have merged into a single current on the New Guinea side (Fig. 6, top, and395

Fig. 11).396

Vertical sections of uφ (Fig. 6, bottom) show that the southern mid-basin397

inflow is shallow (above 300 m and surface-intensified), while the NGCU’s core398

is near 400 m depth and is weak or nearly absent in the mean at the surface.399

The NGCU extends with large magnitude to and below our sampling depths of400

700 m or 1000 m (Fig. 6, bottom). Occasional shipboard measurements of the401

NGCU near Rossel Island confirm this depth extent, suggesting that the current402

is found to 1500 m or deeper (Gasparin et al., 2012).403

It is not known why the deeper parts of the NGCU are apparently weaker on404

the northern track, potentially a problem with using uφ when the glider track405

is nearly along-current (see discussion in section 2.3). On both tracks, near-406

surface flow on the Solomon Island side of the basin is southward in the mean407

(Fig. 6), though its structure is highly variable (RMS of uφ larger than its mean408

across this eastern region, e.g., Fig. 11) and is not confidently characterized in409

the present data. This might reflect dominance of the ubiquitous intraseasonal410

eddies (section 3.1), or potentially a background southward flow from Solomon411

Strait.412

4.2. Transport time series413

The time series of coast-to-coast transport (thin black line with dots in414

Fig. 2) suggests a strong and regular annual cycle of mass transport; every year415

has a mid-year transport maximum and a minimum between December and416

February. Peaks of the average annual cycle are about ±5 Sv around a mean of417

20.2 Sv (green dashed line in Fig. 2).418

The absolute velocity provided by the glider is essential to the flow descrip-419

tion, especially since the NGCU extends below the glider sampling depth. A420

geostrophic transport estimate would be a significant underestimate. Mean421

coast-to-coast geostrophic transport relative to 700 m was only 12.7 Sv, 63% of422

the absolute transport mean. After mid-2013 when more-capable gliders sam-423
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pled to 1000 m, mean relative geostrophic transport to that depth was 16.5 Sv,424

about 70% of the absolute mean. Most of the 700 m or 1000 m dive-bottom sig-425

nal was in the NGCU at the west end of the transects, where typical crosstrack426

speeds (uφ) at those depths (what might be called the “reference-level speed”)427

were 25 cm s−1 and 15 cm s−1 respectively on the southern track and 15 cm s−1
428

and 8 cm s−1 on the northern track (Fig. 6).429

Interannual transport anomalies (blue line in Fig. 2) span−9.6 Sv to +14.2 Sv430

(thus a large fraction of the 20.2 Sv mean), with an RMS of 5.1 Sv over the 9431

years; their largest magnitudes occurred during the large ENSO fluctuations of432

this record (Fig. 4). Correlation between interannual transport variations and433

the Niño3.4 SST index are above 0.7 at a lag of about 2 months; with the in-434

dependence timescale estimated to be about 6 months (via the autocorrelation-435

product method of Davis (1976)), there are about 18 degrees of freedom in the436

9-year record and this correlation is significantly different from zero with a con-437

fidence well above 95%. However, note that the timing of the large early-2010438

transport peak is uncertain because of the sparse sampling that year (ticks along439

the time axis of Fig. 4; see discussion in sections 2.1 and 2.2). That peak ap-440

parently lagged the Niño3.4 SST peak by about 4 months and thus lengthened441

the overall highest-correlation lag. We therefore consider the lag relation be-442

tween Niño3.4 and Solomon Sea transport to remain not well determined and443

quite possibly not a consistent diagnostic of the connection between ENSO and444

Solomon Sea flow (see discussion in section 5.2.3).445

Large-amplitude annual and interannual transport variability differs between446

the shallow mid-basin inflow and the much thicker and deeper WBC (Fig. 6).447

The differences are most clearly seen on the southern glider track where the448

two elements are well-separated; as mentioned above the inflows appear to have449

merged soon after entering the Sea.450

At the annual cycle, the mid-basin shallow current is maximum in Jul-Oct,451

while the NGCU maximum has a different timing, in May-Jun (Fig. 11).452

At interannual frequencies, the WBC-interior timing difference is most clearly453

seen in lag correlations between regional transport and Niño3.4 SST (Fig. 12). A454
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Figure 12: Maximum lag covariances between Niño3.4 SST and glider-measured interannual

cross-track transport, binned by depth and by the cross-Sea coordinate φ, using the combined

tracks. The size of each colored dot shows the covariance magnitude (largest is 0.74 Sv; which

can be used as a scale circle), color shows the lag of largest correlation (months; scale at

right). The outer black circle shows the RMS transport on the same scale. Circular dots

indicate where the highest correlation of transport lags Niño3.4, square dots indicate where

transport leads; the two shapes are scaled the same by area. Dashed lines and color shading

delineate the regions for comparison with the Rossby model tropical and subtropical solutions

(section 5): the western boundary region includes the two columns on the left, while the

“shallow interior” is the upper region in mid-basin.

broad region spanning the mid-basin (φ = 0.3 to 0.8) above 200 m depth varies455

nearly simultaneously or slightly lagged behind Niño3.4, with correlations above456

0.4 (about 95% significance), while the narrow, much deeper-extending WBC457

region against the coast of Rossel Island (φ < 0.15) lags Niño3.4 by 8–11 months458

with larger correlations (above 0.5). These two elements of large co-variability459

combine to produce the varying lags seen in total transport (Fig. 4). The roles460

of these apparently-different signals are discussed further in the context of the461

linear model explored in section 5 below, and covariances with clearly-defined462

lags of Fig. 12 to characterize two regions of response. East of the WBC be-463

low 200 m, covariances were much weaker, indicating an inconsistent relation464

between ENSO and Solomon Sea transport in this region (Fig. 12).465
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Figure 13. Isopycnal depths across the Solomon Sea. RMS (top  panels), observed variations (bottom panels). Annual 
cycle (left panels), interannual anomalies (right  panels). All values are meters; each panel has its own scale at right. 
Light-blue contours in top panels show the mean depths (m) of isopycnals at each !.Figure 13: Isopycnal depths across the Solomon Sea from the combined tracks. RMS depths

(top panels), observed variations of the depth of sigma 24 (bottom panels). Annual cycle (left

panels), interannual anomalies (right panels). All values are meters; each panel has its own

scale at right. Light-blue contours in top panels show the mean depths (m) of isopycnals at

each φ.

4.3. Estimates from Aviso SSH466

Consistent with the regionally-varied correlation of transport with Niño3.4467

SST (Fig. 12), subthermocline interannual flow variability was weakly anti-468

correlated with that above 300 m, and episodes of different flow directions above469

and below the thermocline were common. Although total transport variability470

was dominated by upper layer fluctuations (that might be seen by Aviso), the471

magnitude and in some cases the timing of ENSO signals would be misinter-472

preted by the near-surface variability alone. Glider-measured 0–200 m transport473

anomalies agree much better with the Aviso estimate (r = 0.85; Fig. 10) than474

those to 700 m (r = 0.60). The difference is most apparent during the El Niño475

of 2009–10, when both the 0–200 m glider transport and the Aviso estimate de-476

pict the peak transport anomaly about 3 months earlier than the measurements477
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to 700 m (Fig. 10). This suggests caution in using surface-only measures like478

satellite SSH to deduce transport anomalies for individual events.479

Isopycnal depth fluctuations in the main pycnocline associated with these480

velocity signals have much larger magnitude on the Solomon Island side, by481

factors of almost two, for both annual cycle and interannual variability (Fig. 13).482

A similar pattern was seen in Aviso SSH (Fig. 7a,b). These eastern pycnocline483

motions drive much of the velocity fluctuations in the central Solomon Sea484

(e.g., Fig. 11). Reasons for this character of variability are discussed in the next485

section.486

5. A linear wind-driven interpretation of Solomon Sea transport487

5.1. Introduction488

We do not expect that a linear wind-driven diagnosis will provide a complete489

explanation of Solomon Sea transport or its fluctuations, but it is straightfor-490

ward to understand and is an appropriate first guess; at times or locations where491

the linear diagnosis fails it points to more complex processes or dynamics. The492

principal advantage of such a model is its linearity, which allows isolating par-493

ticular elements of the forcing, either in space or frequency. Here, we seek to494

study the annual cycle and interannual variability independently, and also to495

separate the tropical and subtropical influences on the transport arriving at the496

Solomon Sea.497

The model dynamics and formulation are described in the Appendix. In498

brief, the combined model consists of three elements:499

• In the interior South Pacific: A first baroclinic mode long Rossby wave500

anomaly model is driven by either annual cycle or interannually-filtered501

wind stress (Meyers, 1979; Kessler, 1990; Chen and Qiu, 2004). The out-502

put of this model is the thermocline depth anomaly field, which gives the503

Rossby zonal transport by geostrophy. This zonal transport anomaly ar-504

riving at the western boundary is the input to the elements below. Long505

Rossby waves in this model propagate due west, so solutions are found at506
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each latitude independently and the effects of forcing at any latitude can507

be isolated.508

• Along the coast of Australia south of the Solomon Sea: The arriving509

zonal transport anomalies are integrated northward, conserving mass in510

the boundary layer, to form the western boundary current implied by the511

interior wind forcing (Godfrey, 1975). This defines the subtropical-forced512

transport arriving at the southern Solomon Sea, and is identified as the513

NGCU close to the coast of the Louisiades (Figs. 6 and 12).514

• Along the east side of the Solomon chain: The Firing et al. (1999) Time-515

Dependent Island Rule (TDIR) is used to estimate western boundary cur-516

rent anomalies along the east side of the Solomons chain due to the arriv-517

ing Rossby zonal transport. The TDIR then gives the transport anomalies518

leaving the southern tip of the chain as a jet extending westward. This jet519

is the second element of transport entering the Solomon Sea, referred to as520

the “tropical” forcing, and is identified as the mid-basin shallow transport521

seen in observations (Figs. 6 and 12).522

The model consisting of the above three elements is referred to below as the523

“Rossby model”. Its estimate of transport entering the Solomon Sea reflects524

only the influence of winds over the interior South Pacific. In particular, winds525

north of the Solomon chain (5◦S), including equatorial winds, or those south of526

the tip of New Zealand (34◦S), play no role (Appendix).527

5.2. Linear model results528

5.2.1. Mean transport529

The Godfrey (1989) Island Rule is an extension of Sverdrup theory to in-530

clude islands and the circulation to their west (Appendix). The calculation531

uses only the winds and basin geometry; in this case including the “islands” of532

Australia-New Guinea, New Zealand, and the nearly-solid Solomon chain. Its533

output is a single number for each island: the total mean meridional transport534

27



Figure 14. Island Rule meridional transport (including both interior and western boundary  currents) between the 
land mass pairs of South America, New Zealand, Australia and the Solomon Islands. Pink arrows are northward, blue 
southward, dashed horizontal arrows show the coast-to-coast  range represented; green arrows indicate the implied 
Indonesian Throughflow transport  (see section 5.2.1). The area enclosed by each arrow symbol varies as the transport 
magnitude, with the value in Sv written by  the arrow. Total mean transport between South America and Australia is 
equal at every latitude.

S. Pacific Sverdrup (Island Rule) mean transport

+13.3

+19.7
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Figure 14: Island Rule meridional transport (including both interior and western boundary

currents) between the land mass pairs of South America, New Zealand, Australia and the

Solomon Islands. Pink arrows are northward, blue southward, dashed horizontal arrows show

the coast-to-coast range represented; green arrows indicate the implied Indonesian Through-

flow transport (see section 5.2.1). The area enclosed by each arrow symbol varies as the

transport magnitude, with the value in Sv written by the arrow. Total mean transport be-

tween South America and Australia is equal at every latitude.

(including both interior Sverdrup transport and WBCs) between the island and535

the reference coastline to its east (here, South America).536

Forced by CCMP v2.0 winds during 1990 through 2016, the Island Rule pre-537

dicts a mean northward transport of 13.3 Sv at all latitudes between Australia538

and South America (Fig. 14); this value is therefore also the predicted trans-539

port of the Indonesian Throughflow (if Bering Strait is ignored). This estimate540

is similar to previous Island Rule calculations based on several wind products,541

which have found ITF transports between about 12 to 15 Sv (Godfrey, 1989;542

Wajsowicz, 1993), and to observations of the ITF (Sprintall et al., 2009; Gordon543

et al., 2010).544

Considering the two large “islands” east of Australia, the Island Rule pre-545

dicts a mean of 19.7 Sv flowing north between New Zealand and South America,546
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thus about 19.7 − 13.3 = 6.5 Sv flowing south in the Tasman Sea. It predicts547

9.4 Sv southward transport between the Solomon chain and South America in548

the tropical cyclonic gyre, which similarly implies 22.7 Sv northward transport549

through the Solomon Sea (Fig. 14).550

This value can be compared with the observed glider-measured transport,551

keeping in mind that the Island Rule was calculated from 1990–2016 winds,552

while the in situ observations span 2007–2016. The Appendix explains that553

even the 27 years of CCMP winds are barely sufficient to describe a meaningful554

“steady state” assumed for the Island Rule, and in fact the 1990–2016 period555

has seen strong decadal wind variations (L’Heureux et al., 2013; England et al.,556

2014).557

With that caveat, the glider-measured mean Solomon Sea transport was558

20.2 Sv above 700 m (section 4). During the recent 3.5 years with deeper glider559

sampling, the NGCU was seen to extend to 1000 m (Fig. 6); if that shorter560

period represents the mean below 700 m it would add another 2.2 Sv for a total561

22.4 Sv observed mean transport, similar to the linear Island Rule estimate of562

22.7 Sv (Fig. 14).563

5.2.2. Annual cycle564

Separating the “tropical” and “subtropical” elements of the solution (sec-565

tion 5.1), and associating these with the mid-basin and western boundary el-566

ements of observed annual cycle transport respectively (as was illustrated in567

Fig. 12 for interannual variability), shows a fair correspondence (lower panels568

of Fig. 15). In both model and observations the shallow interior (Fig. 15b)569

has about twice the annual transport anomaly magnitude as does the western570

boundary (Fig. 15c), and in both the western boundary “leads” the interior by571

several months (but note that “lead” and “lag” in a repeating annual cycle are572

ambiguous). These phase relations are consistent with the observed shallow-573

interior vs. western boundary phase differences in Fig. 11.574

The phase and magnitude of the complete model solution is nearly identical575

to that of the total observed transport (Fig. 15a). However, compensating dis-576
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Figure 15. Rossby model prediction of annual cycle transport entering the Solomon Sea 
by region. In all panels the black dashed line is the glider-observed transport, colors are the 
model. Top panel is total transport, lower panels are the shallow interior and western 
boundary regions respectively. Note that the WBC and interior observed transports are 
defined by the high lag correlation regions in Fig.12, and do not exactly add up to the total 
in the top panel. Correlations between the observed and modeled transport are listed in 
upper left of each panel.

a. Total: r=0.98

b. Shallow interior: r=0.88

c. WBC: r=0.95

Figure 15: Rossby model prediction of annual cycle transport anomalies entering the Solomon

Sea by region. In all panels the black dashed line is the glider-observed transport, colors are

the model. Panels show (a) total transport, (b) shallow interior and (c) western boundary

regions. For the observations, the WBC and interior observed transports are defined by the

high lag correlation regions in Fig. 12, and do not add up to the total in the top panel.

For the model, the regions are explicitly the subtropical and tropical solutions (section 5.1).

Correlations between the observed and modeled transport are listed in upper left of each

panel.

crepancies from the observations in the two components of the Rossby solution577

sum to a perhaps misleadingly good representation of the total (Fig. 15a). The578

discrepancies might be due to the model solution yielding an explicit separation579

of the two elements of wind forcing, while the western boundary vs. shallow-580

interior distinction we make in the observations is subjective and imprecise, with581

the limits of each region based on coherent elements of observed variability as582

suggested in Fig. 12.583
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5.2.3. Interannual variability584

The locations of forcing that drive Solomon Sea transport variations is a585

key question motivating the current work, and that is expected to provide in-586

sight into the interannual evolution of the tropical Pacific as a whole. Observed587

WBC vs. shallow-interior transport variations suggest that the response of the588

Solomon Sea to ENSO is not simple or consistent among the events (black589

dashed lines in Fig. 16b,c). One of the four observed ENSO transport signa-590

tures is seen especially in the WBC (El Niño peak in mid-2010; also noted in591

section 4), while two others occur largely or entirely in the shallow interior (La592

Niña negative anomalies in 2007–2008 and the El Niño peak in early 2016). The593

drastic transport weakening during 2010 (a 17 Sv low-frequency change over 9594

months) was due to a combination of both elements, with the shallow interior595

leading by about 6 months.596

The linear model has some ability to represent these interannual anoma-597

lies; its correlation of 0.64 with the observed transport is significant above 95%,598

though clearly several features are wrong (Fig. 16). The model’s overall RMS599

of 5.4 Sv is similar to the observed RMS of 5.3 Sv, and the same is true for the600

model’s division into WBC and shallow interior elements, suggesting that the601

separation of wind regions carries useful information about the forcing locations602

of Solomon Sea transport anomalies. The model correctly reproduces the mag-603

nitude and to a large extent the timing of the four ENSO transport signatures604

during this period: the strong negative La Niña transport anomalies in early605

2008 and in 2011, and the El Niño positive anomalies in 2010 and again in late606

2015 (Fig. 16a). Notably, the model-predicted interannual transport anomalies607

are closer to the Aviso estimate (section 3; compare the blue and gray lines in608

Fig. 16a) than either are to the glider observations, consistent with the idea609

that the single-active-layer Rossby model is representing the upper-layer flow610

variations that can be seen in SSH.611

The modeled subtropical vs. tropical forcing separation (colored lines in612

Fig. 16b,c) predicts some of the observed WBC vs. shallow interior differences613
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a. Total: r=0.64

b. Shallow interior: r=0.71

c. WBC: r=0.54

Figure 16: Like Fig. 15 except for interannual transport anomalies, and with Niño3.4 SST

indicated by color shading (scale at right). Panel (a) adds a gray line showing the Aviso

estimate of total transport from Fig. 10 to compare with the Rossby model estimate (see

section 5.2.3). Colored dotted lines at the last 6 months of each model time series are a

hindcast (see section 5.2.3).

(dashed lines). The most prominent discrepancy is the response to La Niña in614

early 2008: while correctly depicted in the total (Fig. 16a), the model suggests615

that the Solomon Sea transport signal was due about equally to the WBC and616

the shallow interior, whereas the observations show that the anomalies occurred617

almost entirely in the shallow interior (Fig. 16b). For the other three large618

ENSO signals during this period, the model’s forcing separation largely agreed619

with that indicated by the observations, suggesting that the regional forcing620

distinctions simulated by the model is a useful first guess.621

Although the wind product used ended in May 2016 (section 2.4), and the 7-622

month triangle filter used to construct its interannual anomalies loses 3 months623
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at each end, the model solution contains information about subsequent ocean624

variability in the Rossby waves remaining at the end of the forced model run.625

These waves were propagated forward (as if subsequent wind anomalies were626

zero) to estimate the Solomon Sea transport “predicted” as the waves and the627

boundary signatures they generate arrive at the Solomon Sea. This was done628

for 6 additional months, to extend the model solution to Aug 2016, through629

the decay of the El Niño of 2015–16 (dotted model solution lines at the ends630

of each time series in Fig. 16). Apparently the waves forced before May 2016631

carried information about future downstream variability, suggesting that the632

rapid transport drop during 2016 was due mostly to changes of the tropical633

winds in early 2016, not to the WBC.634

5.3. Role of local forcing635

We noted in section 4 that isopycnal depth fluctuations were much larger on636

the Solomon Island side, largely controlling the pycnocline slope across the basin637

(Fig. 13). Disentangling the dynamics driving the slope variability is difficult638

because the wind fluctuations have large spatial scales spanning the Solomon639

Sea and regions to its east (Fig. 3). Thus, many features are well correlated640

or lag correlated with aspects of the forcing and with each other; correlation641

without a quantitative connection to a mechanism could clearly be misleading642

in this situation.643

Beyond the remotely-forced signals described by Rossby model studied here,644

two local mechanisms could be important: Ekman transport shifting upper-layer645

water across the Sea, or local wind stress curl pumping the pycnocline. Solomon646

Sea winds vary primarily as strengthening or weakening of the prevailing south-647

easterlies along the SE-NW axis of the Sea (Fig. 3). Stronger winds (mid-year,648

and with much smaller magnitude during the height of El Niños) move water to649

their left (westward) by Ekman transport, and pump the pycnocline shallower650

in the east by upwelling curl east of the mid-basin maximum. Both of these651

are qualitatively consistent (i.e., correlated) with the observed isopycnal depth652

fluctuations (Fig. 13), although both would suggest a cross-Sea symmetry of653
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these that is not observed.654

Contradicting both of these possibilities, however, the magnitudes of the655

annual cycle and interannual wind variations are inconsistent with the observed656

SSH: winds over the Solomon Sea have much smaller interannual variability657

than annual (Fig. 3a,b), but SSH variability is large at interannual timescales,658

while having relatively small magnitude at the annual cycle (Fig. 7a,b).659

Further, the local mechanisms would suggest an amplitude of isopycnal depth660

variability a great deal larger than observed. Depth changes implied by Ekman661

transport can be estimated by assuming that the pycnocline is a material plane662

that tilts to balance cross-Sea flow anomalies. The cross-Sea Ekman transport is663

found from the observed winds (Fig. 3 shows that winds are primarily along-Sea664

so the Ekman transport is cross-Sea). Integrating this transport in time gives the665

implied volume exchanges between each side of any cross-section; if the surface is666

assumed a plane then its tilt can be estimated. With these assumptions, upper-667

layer depth changes due to cross-Sea Ekman transport would approach ±100 m668

for the annual cycle, and more than that for interannual variability. However,669

observed cross-Sea pycnocline depth anomaly magnitudes are less than 20 m670

and 30 m, respectively (Fig. 13, bottom panels). Implied curl-driven depth671

changes are smaller, but still several times larger than observed. While the672

ocean certainly feels this local forcing, it apparently radiates away, pointing to673

the essential role of wave dynamics.674

We have not attempted to run the Rossby model inside the Solomon Sea675

because its short width, confined basin and complex coastlines are unlikely to676

be well-represented by a model consisting of wavelengths of thousands of km.677

However, the TDIR model predicts the pycnocline signal on the west side of678

the Solomon chain induced by Rossby waves arriving at the east coast. The679

model assumes that pressure around a “small” island like the Solomon chain680

is adjusted very quickly relative to the low frequencies of interest; in this case681

a few weeks (see the Appendix). Thus, the model-predicted west-side pressure682

is approximately the meridional average of that on the east. One can imagine683

a long (non-rotating) gravity wave approaching a small rock or island; after a684
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brief transient adjustment sea level on the lee side will soon match that on the685

exposed side.686

We can test the realism of this mechanism using Aviso SSH (section 2.6)687

that allows characterization of the surface height throughout the Sea, and by the688

choice of a scale depth (175 m) infer the Rossby-implied SSH displacements. The689

Rossby model’s prediction of pycnocline depth on the western side of the chain690

(not shown), entirely due to wind forcing east of the Solomons, closely matches691

the phase and amplitude of observed SSH in the eastern Solomon Sea for both692

the annual cycle and interannual variations (Fig. 13 shows the pycnocline depth693

fluctuations). While we cannot exclude a role for local forcing, the remotely-694

forced Rossby signals passing around the Solomon chain seem to account very695

well for the SSH variability observed inside the Solomon Sea.696

6. The influence of Solomon Sea temperature advection on the trop-697

ical Pacific698

We have shown that low-frequency variations of Solomon Sea mass transport699

can be fairly well represented by remotely-sensed SSH differences across the Sea700

(section 3; Fig. 10). But mass transport is only part of the reason to observe701

this system. The unique value of in situ measurements in this small regional702

sea, such as the glider observations reported here, would enable interpreting the703

downstream effects of Solomon Sea temperature advection on heat content of704

the entire equatorial strip, potentially a key to ENSO and tropical climate. In705

this section we take first steps towards quantifying the Solomon Sea equatorward706

heat transports as part of the overall advective heat balance of the tropical strip.707

In general, heat transport through a partial boundary of a domain is not a708

well-defined quantity for two reasons. First, the zero reference for temperature709

is ambiguous: integrating anomalies of a flux term like V T over a partial sur-710

face, where V is cross-interface velocity and T is temperature at the interface,711

produces terms multiplied by temperature itself, thus dependent on the choice712

of reference. Second, a mass flux through a partial boundary either changes the713
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evaluated with the data available here, and is treated as a residual.

Figure 17: Schematic tropical Pacific box used for the temperature advection calculations

(section 6). The red, blue and black arrows indicate the quantities evaluated and are shown

in the direction of their mean flow. The ITF (green arrow) could not be evaluated with the

data available here, and is treated as a residual.

mass of the domain (thus its heat content), or is compensated by another mass714

flux (of unknown temperature) through another boundary of the domain.715

With these difficulties in mind, Lee et al. (2004) proposed a more limited716

goal: a technique to compare anomalous temperature advection through a par-717

tial boundary with similar measures across other interfaces of the domain. They718

argued that a unique and suitable reference temperature for this comparison719

would be the (time-varying) spatial-mean temperature of the volume affected720

by flow through the interface. They reasoned that advection across a partial721

interface could contribute to changing the volume’s average temperature if, and722

only if, temperature at the interface differs from the volume average temper-723

ature at that moment. The Lee et al. (2004) method provides an estimate of724

anomalous temperature advection across a partial interface that can be com-725

pared with similarly-estimated advection across other elements of a domain’s726

boundary surface, even if the mass balance of the domain is unknown.727

Here, we compare the effect of advection by Solomon Sea currents to advec-728

tion across other interfaces of the tropical strip (see the schematic in Fig. 17),729

and to the rate of change of temperature of the strip as a whole. The calculation730

is not a heat balance or budget, but it allows assessment of the relative effects731

of advection by the several potential sources on the timing and magnitude of732

temperature changes within the tropical strip.733

With the above stipulations, the advective temperature flux through a par-734
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tial interface A is meaningfully defined by the integral735

−
∫
A

V · n(T − Tm) dA/VD (3)

where A is a partial interface of a domain D, which has volume VD(t) and736

volume-average temperature Tm(t), dA is an infinitesimal element of A, with737

perpendicular (outward) unit vector n. V (t) and T (t) are evaluated in each738

grid-cell of the interface.739

DomainD was defined as the tropical strip within 9.5◦S–9.5◦N above σθ 26.9,740

approximately the deepest isopycnal sampled by every glider mission (mean741

depth over D about 450 m). All calculations reported in this section were742

repeated with a fixed bottom depth of 500 m, defining vertical velocity at this743

depth to be w ≈ (∆ρ/∆t)/(∆ρ/∆z); interannual temperature advection results744

were indistinguishable from those derived from the isopycnal bottom. Given the745

near-equivalence of the two domain choices, we chose to present the isopycnal746

bottom since interpretation of the temperature advection terms is simpler and747

more physically direct.748

Mean Tm estimated from the monthly Argo Atlas in domain D was about749

15.8◦C. Its annual cycle was weak, and its interannual variability varied over a750

range of about ±0.2◦C, higher shortly before El Niños and lower shortly before751

La Niñas. Tm(t) measures much the same quantity as “warm water volume”,752

the area-averaged depth of the 20◦C isotherm often used for ENSO diagnostics753

(Meinen and McPhaden, 2000; Kessler, 2002; Xue et al., 2017); thus the few-754

month lead of Tm(t) on ENSO measures is similar. Volume VD varied by about755

±1% of its mean, much of which was a slow downward trend from 2007 to 2011,756

then an upward trend to 2016, with relatively little interannual variability.757

All data used for the calculation of V and T in (3) were monthly values of758

low-frequency filtered velocity and temperature on the surfaces of the box, where759

“low-frequency” includes the average annual cycle plus interannual anomalies760

(section 2.2). Three faces (Fig. 17) of the domain were evaluated: Two were761

long zonal transects, along 9.5◦N from Mindanao to Central America, and along762

9.5◦S from the Solomon Islands to South America. Both of these were calculated763
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from the Argo Atlas for the geostrophic flow and advected temperature, and764

CCMP winds for the Ekman velocity, assumed to be a slab layer 75 m thick.765

The third transect was across the Solomon Sea, where glider data defined the766

absolute geostrophic velocity and temperature, and again CCMP winds gave767

the Ekman velocity. Volume-mean temperature Tm and its advection into all768

three outward-facing surfaces of D were evaluated from the isopycnal 26.9 to769

the surface. We assume no heat transport across the isopycnal bottom of D, but770

its depth (and thus volume VD) varied. Each element of cross-interface velocity771

was associated with the temperature of the water it advects.772

Mean Ekman and geostrophic temperature advection partially canceled when773

summed across the long faces of the tropical box, including the Solomon Sea774

(Fig. 18). On average, both elements transported water warmer than Tm, since775

the Ekman outflow occurs near the surface, and the geostrophic inflow largely776

at thermocline depth and above. While the mass transports of the two elements777

are nearly equal and opposite, the somewhat warmer temperature of the Ekman-778

advected outflow made its magnitude of temperature advection larger than that779

of the geostrophic inflow by about one-third. The net effect of the horizontal780

advection terms cooled the tropical domain by about −0.03◦C month−1 during781

2007–2016 (brown curve in Fig. 18). This must be balanced by a combination782

of surface fluxes, advection in the ITF, and also represents errors, especially our783

likely underestimate of the Mindanao Current (which as a shallow equatorward784

current transporting water warmer than the volume mean would tend to reduce785

the net cooling estimated here).786

At the annual period, Ekman advection dominated the weaker geostrophic787

signal, and overall advective cooling of the domain was much stronger in boreal788

winter (Fig. 18); the stronger annual amplitude of northern hemisphere trade789

winds determined the phase of the Ekman advection seasonal cycle, and thus790

of total advection. Variability of the individual geostrophic and Ekman terms791

was large on timescales longer than ENSO, but had some cancelation on these792

timescales (Fig. 18). The interannual sum (net advective tendency; brown curve793

in Fig. 19a) primarily expressed typical ENSO periods, leading Niño3.4 by about794
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Figure 18: Meridional temperature advection terms (◦C month−1) for the northern plus

southern sides of the box in Fig. 17.
∫
vδT is shorthand for the advection term (3). Positive

values indicate warming tendencies. Blue lines show geostrophic temperature advection, red

lines Ekman; thin lines are monthly observed values, thick lines are interannually filtered.

Triangles at left indicate the mean of each curve. Net meridional advection (sum of the

geostrophic and Ekman elements) is shown in brown, its monthly values are shaded blue for

cooling, pink for warming, while the thick brown line is interannnually filtered. Its mean is

equivalent to a net cooling of 0.03◦C month−1.

6 months (r = 0.59).795

As a matter of sampling, volume-average temperature in the equatorial strip796

Tm is effectively independent of the advection terms found here, so comparison797

of observed dTm/dt with estimated temperature advection (3) integrated over798

the faces of the box is a fair test of the method (Fig. 19a). Despite the calcu-799

lation’s relative crudity, the agreement in interannual magnitude and phase of800

these terms suggests that, first, horizontal temperature advection is a princi-801

pal effect on interannual temperature variations of the volume, and second, the802
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a.

b.

c.

Figure 19: Interannual anomalies of temperature advection terms (◦C month−1) for the arrows

shown in Fig. 17. a: Rate of change of temperature dTm/dt in the tropical strip (black;

section 6) and total advection through all box faces (brown). Niño3.4 SST anomalies are

shown by the gray shading. b: Contributions to advection from the southern (orange) and

northern (purple) faces of the box in Fig. 17, and the sum (brown; same as panel a). c:

Elements of the southern term separated into east (blue) and west (green) of the Solomons

chain, along with the basinwide Ekman contribution (red).

Lee et al. (2004) method provides a useful diagnostic of this important influ-803

ence on tropical Pacific heat content. Interannual advection represented about804

two-thirds the magnitude of total rate of change of temperature in the box805

(Fig. 19a). By contrast, annual cycle advection, dominated by northern hemi-806

sphere Ekman transport, was poorly related to observed annual cycle dTm/dt807

(not shown), which displayed a semi-annual signal, perhaps related to the solar808

forcing.809

Surprisingly, neither northern or southern faces of the tropical box had a con-810
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sistent relationship with each other or with ENSO during this period (Fig. 19b).811

The time series of temperature advection integrated over each face provides812

several examples of different behavior, suggesting that there is not a regular or813

typical subtropical advective signal in response to ENSO wind anomalies. Nor814

was there a consistent contribution to the “recharge” (Jin, 1997; Ishida et al.,815

2008) preceding El Niño events: the 2009–10 El Niño followed a large advec-816

tive temperature increase by about 6 months, but the 2015–16 event had little817

sign of increased temperature advection (Fig. 19b); though it is worth noting818

that only a small increase in spatial-mean temperature of the equatorial strip819

preceded that event (Fig. 19a).820

The opposing effects of western boundary and interior-basin advection across821

9.5◦S followed expectations, with both terms highly lag-correlated with ENSO822

(Fig. 19a): the interior ocean east of the Solomons drained warm water from823

the equatorial strip in the few months following the El Niño peak, while flow824

through the Solomon Sea added about the same amount a few months later825

(Fig. 19c); La Niña did the opposite. Overall, the Solomon Sea contribution to826

interannual temperature advection was oppositely-signed and almost as large827

as that east of the Solomon chain all the way to South America, for every828

interannual perturbation of this period. In fact all the terms summarized by829

the five meridional arrows in Fig. 17 had similar interannual magnitude (e.g.,830

Fig. 19b,c), suggesting that monitoring the heat transport of all these influences831

will be necessary to describe the evolving climate of the tropical Pacific; both832

velocity and temperature measurements will be required.833

7. Summary and discussion834

An earlier paper described the first 3.5 years of glider observations (Davis835

et al., 2012); its conclusions are largely borne out by the much longer time series836

and more complete sampling studied here. New observational findings include837

large differences in velocity structure between the southern and northern tran-838

sects serendipitously enforced by the glider’s operational requirements (Fig. 1;839
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section 4). The two previously-identified sources of inflow to the Solomon Sea840

(the shallow mid-basin inflow and the narrow, much vertically-thicker western841

boundary current; Fig. 6) merge to combine mass and properties shortly after842

entering the Sea (Fig. 11). This suggests that at least some of the mixing of843

tropical and subtropical thermocline waters noted as occurring in the Solomon844

Sea (Alberty et al., 2017; Ganachaud et al., 2017) could be a consequence of845

this merging close to the mouth of the Sea.846

The time series of glider transects across the Solomon Sea now spans two847

El Niños and two La Niñas (Fig. 4). While in general the El Niños produced848

large transport increases and La Niñas decreases (anomaly magnitudes more849

than 50% of the mean transport), ENSO signatures were inconsistent among850

the events in timing and lag relation with equatorial ENSO indices (section 5).851

In general the signals appeared first in the shallow mid-basin inflow, and later852

in the WBC, but the mix of anomalies among these varied considerably among853

the events.854

Gliders have proven to be a viable technique for sustained monitoring of855

the transport and characteristics of fast, narrow boundary currents in remote856

locations where other technologies would be difficult to implement. They are857

especially useful where spatial resolution of a few km, and the combination of858

property and velocity measurements, is needed. Comparing the glider transport859

time series to measures of cross-Sea pressure differences, such as those obtained860

from satellite altimetry or endpoint moorings (Roemmich et al., 2017; Anutaliya861

et al., 2019), show that pressure alone gives some skill as an index of low-862

frequency transport variability, but in the Solomon Sea can miss important863

subsurface velocity signals (section 4; Fig. 10). The high temporal resolution of864

pressure measurements is useful in evaluating sampling errors of the much-slower865

glider, and was key to our realizing that the initial roughly six transects/yr was866

insufficient to describe the low-frequency signals of interest (section 3; Fig. 9).867

The simplest possible time-dependent dynamical model expresses the effects868

of the linear wind-driven circulation, acting through mass-conserving western869

boundary currents, on flow entering the Solomon Sea (section 5). Despite its870
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simplicity, the model was able to describe the annual variability of transport871

quite well (Fig. 15), and much of the interannual fluctuations. Its interannual872

representation was better for the shallow interior flow (Fig. 16b), which might873

have been expected since this is due to depth fluctuations of the tropical thermo-874

cline that such a model is designed to simulate. These tropical dynamics appear875

fundamentally less complex than those of the much thicker western boundary876

current whose forcing extends well into mid-latitudes. The model results suggest877

that the two elements of flow entering the Solomon Sea are driven largely in-878

dependently (Fig. 12) by wind variations in the tropical and subtropical bands,879

respectively.880

The linear model proposes an answer to the long-puzzling question (Gas-881

parin et al., 2012; Kessler and Cravatte, 2013a,b) of why shallow flow from the882

tropics turns north into the Solomon Sea, even though wind stress curl is al-883

ways strongly negative across the mouth of the Sea. The TDIR (see Appendix)884

distributes incoming zonal transport along the eastern coast of an island into885

zonal jets extending westward from the island’s tips (Godfrey, 1989; Firing et al.,886

1999). When the jets’ transport arrives at the next boundary to the west, it is887

incorporated into that land mass’s western boundary current; this process is not888

driven by local wind stress curl or other local forcing. In this case the jet from889

the southern Solomons joins the arriving boundary current from the subtropics890

soon after they both enter the Solomon Sea. This picture is consistent with891

the glider observations showing that the structure of flow entering the Solomon892

Sea has two separate currents that are distinct in the southern glider track but893

have largely merged by the northern one, only a few hundred km inside the Sea894

(Fig. 11).895

In the introduction, we argued that the Solomon Sea’s large (> 20 Sv) north-896

ward mean transport was a consequence of the open Indonesian Throughflow.897

In the mean, the linear Godfrey (1989) Island Rule correctly predicts ITF trans-898

port, and also gives an excellent estimate of the mean transport through the899

Solomon Sea (Fig. 14). Apparently, the large mean mass transport through this900

small regional sea is forced by winds over the entire South Pacific acting through901
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primarily linear dynamical processes.902

The full potential of in situ LLWBC observations will be reached when ve-903

locity and temperature measurements can be combined to describe the LLWBC904

contribution to the evolving subtropical-equatorial heat exchange that is crucial905

to ENSO and longer-timescale signals along the equator. This description will906

be essential to understanding the role of the LLWBCs in the tropical climate.907

We have taken an exploratory initial step towards that goal here, with results908

suggesting that western boundary temperature advection, in particular through909

the Solomon Sea, is a first-order contributor to interannual temperature varia-910

tions across the equatorial band (section 6; Fig. 19). This calculation suggests911

the power of the method, though without corresponding measurement of the912

other LLWBC (Mindanao Current in the North Pacific) and the Indonesian913

Throughflow, the full picture will remain uncertain. In general, the relation914

of LLWBC temperature advection to ENSO wind forcing is, unfortunately, not915

simple, and appears to require ongoing in situ monitoring to characterize.916

We had hoped after a decade of glider observations to be able to establish917

a clear timing of the Solomon Sea signal in relation to ENSO indices, and thus918

to describe consistent aspects of the Solomon Sea current system response to919

ENSO. Neither of these hopes were fully realized (section 4; section 5.2.3).920

While some of the uncertainty might have been due to inadequate sampling in921

the period before 2013 (section 2.1), it appears that the ENSO signal in the922

Solomon Sea manifests differently for different events, as ENSO does in many923

of its other features (e.g., McPhaden et al., 2015); clearly, long records will be924

required to unravel these effects. The fact that the linear Rossby model – with925

some skill in depicting observed transport variations and their locations and926

features (section 5.2.3) – shows a similar lack of consistent ENSO manifestation927

suggests that the complexity we observe is present even in the simplest linear928

wind-driven dynamics.929
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Appendix A. A linear wind-driven model for Solomon Sea transport957

We do not expect that a linear wind-driven diagnosis will provide a complete958

explanation of Solomon Sea transport or its fluctuations, but it is straightfor-959

ward to understand and is an appropriate first guess. For the time-dependent960

linear solutions studied here we make the simplification of considering only a sin-961

gle active layer, with adjustment timescales of the first baroclinic mode: months962

to years at latitudes spanning the subtropical gyre. Such a model neither ex-963

ploits nor explains anything about patterns of ocean properties; the model ocean964

is defined only by its basin geometry and mean stratification, the only forcing965

is the wind stress, and the only output of the model is the mass transport field.966

Mean dynamics. In a closed basin like the North Pacific, mean coast-to-coast967

meridional transport must be zero, so in the linear case the mean western bound-968

ary current (WBC) balances the interior Sverdrup transport at each latitude.969

As mentioned in the Introduction, the existence of the Indonesian Through-970

flow (ITF) requires a net northward transport through the South Pacific of971

about 15 Sv that does not obviously depend the wind stress forcing over the972

basin. In such an ocean with net meridional flow, if that total transport is un-973

known the Sverdrupian method cannot deduce the western boundary flow. The974

Godfrey (1989) Island Rule provides a means of quantifying the effects of the975

open ITF on South Pacific circulation.976

Godfrey (1989) extended the theory of Sverdrup (1947) to encompass is-977

lands, thus taking account of the circulation around Australia (Lee et al., 2002;978

Ridgway and Dunn, 2007; Sprintall and Révelard, 2014) and broadening the979

Sverdrup diagnosis to the Indo-Pacific as a whole; the convincing demonstration980

of his “Island Rule” was its correct estimate of Indonesian Throughflow (ITF)981

transport based on observed winds and basin geometry alone. The dynamics are982

assumed purely Ekman plus geostrophic (i.e., Sverdrupian) everywhere except983

in thin western boundary layers, where an unspecified alongshore “friction” is984

added, as a feature only of strong coastal currents. Alongshore WBC transport985

is assumed purely geostrophic, depending only on the coast-vs-offshore pressure986

46



difference. Godfrey’s result has been repeated several times with similar success987

(Qiu et al., 2009).988

Here, we compute the Island Rule transport for the “islands” of Australia-989

New Guinea, New Zealand, and the Solomon chain, using mean CCMP v2 winds990

from 1990 through 2016. Results are reported in section 5.2.1. Note that the991

Island Rule transport between Australia and South America is necessarily also992

the transport of the Indonesian Throughflow.993

The Island Rule calculation depends on two terms: the meridional-average994

Sverdrup transport in the area to the east of the island, and the circum-island995

integral of the alongshore wind stress (scaled by the difference in the Coriolis996

parameter f between its northern to southern tips):997

T0 = TSv +
1

fN − fS

∮
Island

τ l dl (A.1)

where T0 is the total northward transport between the island and the coast to998

its east (a constant), TSv(y) is the meridional Sverdrup transport VSv(x, y) =999

Curl(τ)/βρ integrated west to the island, with the overbar indicating an average1000

over the latitude range of the island, and τ l is the alongshore wind taken positive1001

clockwise around the island along coast distances dl (Godfrey, 1989). The first1002

term of (A.1) is usually far larger than the second “circum-island” term, even1003

for large islands like Australia and New Zealand, because the around-island1004

integration often incorporates cancelling winds.1005

With T0 found, the WBC transport at each latitude is the difference between1006

T0 and the Sverdrup interior transport TSv(y) just offshore, thus the WBC1007

meridional profile is straightforwardly calculated from (A.1). Transport of the1008

WBC at the island tips feeds or is fed by jets that extend westward from each1009

tip, thus passing the latitude-mean T0 to the next coastline to the west.1010

Equation (A.1) suggests a fundamental difference between the WBC in a1011

meridionally-open basin (that can carry a net transport) from that in a closed1012

one, where the Sverdrup transport at each latitude is balanced by the WBC.1013

Neglecting the circum-island term for the moment shows that the WBC against1014

the east coast of an island is due only to the variation of TSv with latitude. If1015
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TSv is constant in y (with T0 a constant for each island), then TSv = T0 at all1016

latitudes; the Sverdrup flow carries the entire transport in the interior ocean1017

east of the boundary layer and there will be no WBC. This view emphasizes the1018

role of zonal inflows to the WBC, because the Sverdrup zonal transport at the1019

island’s east coast is −dTSv/dy, i.e., occurring only with meridional variation of1020

TSv.1021

The circum-island term is relatively important in the case of the Solomon1022

chain, because southeasterly winds are stronger inside the Solomon Sea than in1023

the Pacific to its east (Fig. 3); this term results in a net clockwise flow around1024

the Solomons, contributing a southward mean WBC of about 2 Sv along the1025

east side of the chain. Note that no corresponding eastern boundary current is1026

called for in the Godfrey (1989) formulation. In the hypothesized weak currents1027

along the west side of an island, alongshore winds are balanced by an alongshore1028

pressure gradient; in the case of the Solomons the strong southeasterly trades1029

inside the Sea are balanced by higher pressure at the northern than southern1030

tip. Along the east side of the chain the resulting tip-to-tip pressure gradient1031

is a southward contribution to the WBC according to the second term on the1032

right side of (A.1).1033

Time dependence. A time-dependent linear solution for anomalous transport1034

entering the Solomon Sea, thus comparable to the glider measurements reported1035

here, can be constructed from three elements: An interior Rossby wave model1036

driven by observed winds, and two western boundary solutions (separately for1037

the coast of Australia and for the Solomon chain) whose input is the zonal trans-1038

port resulting from the interior Rossby model. These elements are described1039

below.1040

In the interior ocean east of the western boundaries, a single-active-layer long1041

Rossby wave model (Meyers, 1979; Kessler, 1990; Chen and Qiu, 2004) is forced1042

by CCMP winds (section 2.4) during 1990–2016. The dynamics are Sverdrupian1043

in retaining only Ekman and geostrophic velocities that are assumed to be in1044

steady balance with the wind forcing and interface slope at each instant, but1045
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add a term representing slow evolution of the interface depth, which allows the1046

system to evolve in time and Rossby waves to propagate. The Rossby model is1047

the simplest time-dependent modification of the Sverdrup balance.1048

Two potential sources produce long Rossby waves in the extra-equatorial1049

South Pacific: those generated by interior wind stress curl (which the model1050

used here is designed to represent), and waves emanating from the coast of1051

South America. These could be specified as a time-dependent eastern bound-1052

ary condition, or produced by an equatorial model (which this model is not),1053

but theoretical, observational and model results suggest that such boundary-1054

reflected waves are a small part of the solution at the western boundary across1055

15,000 km of ocean (Kessler and McCreary, 1993; Minobe and Takeuchi, 1995;1056

Fu and Qiu, 2002; Vega et al., 2003). We therefore approximate this by speci-1057

fying a zero eastern boundary condition for the Rossby model.1058

The Rossby model solution is the interior thermocline depth anomaly field,1059

which gives the Rossby zonal transport anomalies URW (y, t) by geostrophy. The1060

relevant output of the Rossby model here is URW (y, t) arriving at the western1061

boundary: from central Australia to the Solomon Sea, and along the east coast1062

of the Solomon chain. Annual cycle and interannual anomaly runs of the Rossby1063

model were made, both forced by CCMP winds.1064

Along the east side of the Solomons chain, we use the method of Firing et al.1065

(1999), who showed how a Rossby wave model could be extended to describe1066

the time-varying western boundary current along the east coast of an island,1067

applying this to the east side of the Hawaiian chain. Firing et al. (1999)’s1068

“Time Dependent Island Rule” (TDIR) looks at WBC transport as forced by1069

zonal transport anomalies arriving at the boundary layer, and provides a simple1070

rule for distributing the incoming transport into the WBC. Again it includes a1071

circum-island term and a usually-larger term reflecting the zonal inflows at each1072

latitude along the island’s east coast.1073

The TDIR rule is “in the absence of circum-island wind an inflow to the1074

boundary current at latitude y will split, with fraction (y−yS)/(yN −yS) going1075

north and the remainder going south”, where subscripts S and N refer to the1076
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south and north tips of the island (Firing et al., 1999).1077

The rule is appropriate only for “slow” variations of this transport, where1078

“slow” implies that the timescale of interest is much longer than the adjustment1079

time of pressure around the island (via baroclinic coastal Kelvin waves). For1080

small islands such as the Hawaiian or Solomons chain, the adjustment time is a1081

week or so, and the TDIR provides a means of calculating the anomalous WBC1082

from the incoming zonal transport implied by the long Rossby model described1083

above.1084

While most studies using the TDIR have focused on the WBC on the east1085

side of an island (Firing et al., 1999; Fernandez et al., 2014; Chen et al., 2014;1086

Yamagami and Tozuka, 2015), here we are interested in the flow west of the1087

Solomon chain, entering the Solomon Sea. The northern and southern endpoints1088

of the island’s WBC must, in the long Rossby context, produce anomalous1089

jets extending westward from the island tips, so here we calculate the TDIR-1090

predicted transport of those jets. In this linear formulation, the northern jet can1091

have no impact on the Solomon Sea southern entrance, so the TDIR contribution1092

to Solomon Sea transport measured by the glider is the jet from the south1093

tip of the Solomons, which incorporates forcing east of the Solomons chain1094

over the latitudes 5◦S–11.5◦S (weighting transport in the southern part of this1095

range higher according to the TDIR rule stated above). Meridional transport1096

variations due to wind stress curl inside the Solomon Sea are also included in1097

the “tropical” term here (note that the short zonal extent of the Sea allows1098

adjustment much faster than the timescales of interest, so a simple Sverdrup1099

transport estimate is appropriate); its annual and interannual anomalies are1100

about 1/5th as large as the TDIR terms.1101

The TDIR solution here feels winds only over the latitude range of the1102

Solomons, and is referred to as the “tropical” contribution. We will identify1103

this as the observed shallow mid-basin inflow to the Solomon Sea described in1104

section 4.1.1105

Although one might seek a similar TDIR solution for the WBCs along the1106

east coast of Australia-New Guinea, thereby describing the second element of1107
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flow entering the Solomon Sea, it is important to note the difficulties in trying1108

to apply a time-dependent rule to this much larger land mass. In the simplest1109

case, the coastline distance around the “island” is about 25,000 km, so the fastest1110

baroclinic coastal Kelvin wave would take at least 100 days to circle the island,1111

not strongly separated from the annual or interannual timescales studied here1112

(and many geographical and bathymetric complications would slow or disperse1113

such a wave). But because the northwest tip of New Guinea touches the equator,1114

a coastal wave approaching that point would partly reflect as an equatorial1115

Kelvin wave, which would travel east along the equator and then reflect as1116

Rossby waves emanating from the entire American coast, eventually coming1117

back to Australia and spawning further coastal waves. The timescale of this1118

adjustment would be a decade or longer. This limitation to very long timescales1119

applies to any estimate of the wind-driven circulation around Australia-New1120

Guinea, either by using the Godfrey Island Rule to estimate the mean over1121

periods less than decades, or using the TDIR for its variability. It does not1122

make physical sense to assume that a diagnosis based on short periods would1123

yield useful information about the Sverdrup circulation of the Indo-Pacific.1124

Nevertheless, estimating the transport entering the Solomon Sea requires a1125

time-dependent estimate of the contribution arriving from the subtropics. Giv-1126

ing up on calculating this in its full complexity, we take a tractable alternative1127

by choosing a poleward boundary condition for the anomalous WBC along the1128

coast of Australia somewhere south of the Solomon Sea. In effect, for this pur-1129

pose we assume that Australia is a continent with a known WBC at a particular1130

latitude. By choosing the WBC to be zero at that latitude, the results here are1131

relative to that point.1132

Along the coast of Australia south of the Solomon Sea, the WBC is defined1133

using a method due to Godfrey (1975), again with its input the Rossby zonal1134

transport URW (y, t) resulting from the interior Rossby model described above.1135

Since the EAC is known to become dominated by eddy transport as it flows south1136

(Ridgway and Godfrey, 1997; Mata et al., 2000; Ridgway and Dunn, 2003), the1137

southern limit for a linear calculation should be north of about 30◦S; here we1138
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use 24◦S, a relatively quiet region in the lee of New Caledonia. The chosen1139

zero boundary condition was tested at latitudes from the Tasman Front (near1140

30◦S) to the Coral Sea, with relatively small sensitivity at annual to interannual1141

timescales, as long as the Coral Sea latitude range is included (by choosing a1142

starting point south of approximately 20◦S).1143

The anomalous WBC is found as the equatorward integral of incoming trans-1144

port −URW from the chosen poleward-side zero boundary condition to the lat-1145

itude of the Solomons. This integration expresses conservation of mass in the1146

boundary layer: At each latitude and time step, mass conservation is satis-1147

fied by propagating the net transport (the arriving URW at that latitude plus1148

whatever has been accumulated from further south) northward along the coast1149

(Godfrey, 1975). The integral is northward because coastal Kelvin waves travel1150

equatorward along a western boundary, so information on this coast can only go1151

north. With the travel time of a first-baroclinic-mode coastal Kelvin wave being1152

less than 10 days along the 2000 km eastern coast of Australia, we assume this1153

propagation is instantaneous. The result of the integration is a time-varying1154

WBC transport arriving at the southern opening of the Solomon Sea at 11.5◦S.1155

This incorporates wind forcing over the subtropical gyre, and is the linear mech-1156

anism by which Solomon Sea mass transport feels subtropical wind anomalies.1157

Since this signal arrives at the Solomon Sea as a western boundary current, we1158

identify this as the NGCU described in section 4.1.1159

The two choices of zero boundary condition used here (at a point on the1160

southeastern coast of Australia for the WBC calculation and along the coast of1161

South America for the interior Rossby model) mean that the complete solution1162

reflects the influence only of winds over the interior South Pacific. Note that the1163

logic of the solution described above, with long Rossby waves propagating due1164

west, our neglect of potential effects of waves emanating from the coast of South1165

America, and the linear assumption that information travels only equatorward1166

along the coast of Australia, means that equatorial winds play no role in the1167

model solution. The principal advantage of this combined linear model is that1168

it allows isolating its two distinct elements, the WBC carrying influences from1169
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the subtropics, and the jet from the southern tip of the Solomons carrying trop-1170

ical influences over 5◦S–11.5◦S, that together form the net transport anomalies1171

entering the Solomon Sea. Further, such a linear model allows studying these1172

forcing elements in frequency bands (e.g., annual and interannual), or exper-1173

imenting with effects of regional winds that can freely be isolated and added1174

together to recover the complete solution.1175
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