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ABSTRACT

The Equatorial Undercurrent (EUC) encounters the Galdpagos Archipelago on the equator as it flows
eastward across the Pacific. The impact of the Galapagos Archipelago on the EUC in the eastern equatorial
Pacific remains largely unknown. In this study, the path of the EUC as it reaches the Galdpagos
Archipelago is measured directly using high-resolution observations obtained by autonomous underwater
gliders. Gliders were deployed along three lines that define a closed region with the Galdpagos Archipelago
as the eastern boundary and 93°W from 2°S to 2°N as the western boundary. Twelve transects were si-
multaneously occupied along the three lines during 52 days in April-May 2016. Analysis of individual
glider transects and average sections along each line show that the EUC splits around the Galdpagos
Archipelago. Velocity normal to the transects is used to estimate net horizontal volume transport into the
volume. Downward integration of the net horizontal transport profile provides an estimate of the time- and
areal-averaged vertical velocity profile over the 52-day time period. Local maxima in vertical velocity occur
at depths of 25 and 280 m with magnitudes of (1.7 * 0.6) X 10 °ms ! and (8.0 = 1.6) X 10 >ms™ ",
respectively. Volume transport as a function of salinity indicates that water crossing 93°W south (north) of
0.4°S tends to flow around the south (north) side of the Galdpagos Archipelago. Comparisons are made
between previous observational and modeling studies with differences attributed to effects of the strong
2015/16 El Niifo event, the annual cycle of local winds, and varying longitudes between studies of the
equatorial Pacific.

887

The Galdpagos Archipelago lies on the equator in
the path of the eastward flowing Pacific Equatorial
Undercurrent (EUC). The Galdpagos Cold Pool (GCP)
is a region of nutrient-rich, anomalously cool sea surface
temperature (SST; Fig. 1) just west of the Galdpagos
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Archipelago that is characterized by wind- and current-
driven upwelling (Palacios 2004; Sweet et al. 2007).
The GCP spans roughly the meridional extent of the
Galédpagos Archipelago and extends 300-500km west-
ward from Isla Isabela at 91°W (Houvenaghel 1978).
Sources of upwelling associated with the GCP and pos-
sible connections to the EUC are not well understood.
Three distinct processes can cause upwelling in the
vicinity of the Galdpagos Archipelago. Westward trade
winds (Fig. 2) drive horizontally divergent surface flow
in two ways: 1) Ekman divergence due to the change
in sign of the Coriolis parameter at the equator; and
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FIG. 1. (a) SST in the equatorial Pacific during 6 Apr-31 May 2016 with (c) the region around the Galdpagos
Archipelago enlarged to show the GCP. (b) SST anomalies during April-May 2016 relative to the 2004-16 cli-
matology. Daily SST data are from the Group for High Resolution Sea Surface Temperature (GHRSST) provided
with 1/4° X 1/4° horizontal resolution (Reynolds et al. 2007; National Centers for Environmental Information 2016).
Approximate ROGER glider transects are shown with dashed black lines (detailed transects are shown in Fig. 3).

2) downwind transport in the lee of the islands, which we
refer to as “wind-driven coastal upwelling” despite dif-
ferences from Ekman-driven coastal upwelling away
from the equator. The third process can occur when a
subsurface current encounters a sloping bottom or coast,
which we will call “topographic upwelling.”” The ob-
servations of Houvenaghel (1978) showed that upwell-
ing associated with the GCP continues even when winds
are light and variable, suggesting that topographic
upwelling of the EUC as it reaches the Galdpagos
Archipelago plays a primary role in maintaining the
GCP. Liu et al. (2014) predicted the occurrence of both
wind-driven and topographic upwelling of the EUC at
the Galapagos Archipelago. Karnauskas et al. (2007)
show that the GCP emerges without wind-topography
interactions using a regional ocean model, indicating the
importance of topographic upwelling.

Previously, equatorial upwelling and its connection to
the EUC were examined using a box model from 170°E to
100°W by Wyrtki (1981) and using mooring observations
at 140°W (Weisberg and Qiao 2000) and 170°-95°W
(Johnson et al. 2001). Vertical velocity profiles from

Weisberg and Qiao (2000) and Johnson et al. (2001)
show similar shape with upwelling (positive vertical
velocity) above 150-m depth that is significantly differ-
ent from zero above 50m. However, it is expected that
upwelling just west of Galdpagos Archipelago differs
from general equatorial Pacific upwelling due to the
presence of the archipelago, as indicated by the presence
of the GCP.

The EUC is a relatively high velocity (~1ms™),
subsurface, coherent flow moving eastward along the
equator at the depth of the thermocline. It was first
documented by Cromwell et al. (1954) using taut-wire
buoy observations. EUC dynamics can be described by a
model driven by a depth-integrated zonal pressure gra-
dient set up by an easterly wind stress (e.g., Charney 1959;
Charney and Spiegel 1971; Pedlosky 1987; Johnson and
Luther 1994; Qiao and Weisberg 1997). The EUC core
shoals, following the thermocline, from a maximum depth
of about 150 m in the western Pacific to a minimum depth
of approximately 50m as it approaches the Galapagos
Archipelago in the east (Johnson et al. 2001). The ob-
served EUC has an estimated meridional extent of about
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FIG. 2. Average 10-m winds in the equatorial Pacific during (a) all months from November 2008 to November
2018 and (b) April-May 2016 from the monthly 1/4° X 1/4° CMEMS global wind product (Bentamy and Fillon 2012)
provided by the E.U. Copernicus Marine Service. Colors show eastward wind speed, and vectors show total wind

with a reference vector in (b).

2° of latitude, is centered about 0.5° south of the equator
due to upwind flow at the depth of the EUC associated
with a meridional cell generated by average southerly winds
(Mitchell and Wallace 1992), and has a vertical extent of
200m (Qiao and Weisberg 1997; Johnson et al. 2002).
The strength of the EUC varies on a range of time
scales. On seasonal scales, the EUC tends to be weaker
from October through February and stronger from
April to August near 95°W (Wyrtki and Meyers 1977;
Johnson et al. 2002; Karnauskas et al. 2010). During El
Niflo years, trade winds decrease or reverse, thereby
decreasing the zonal pressure gradient at the equator
that drives the EUC. As aresult, the EUC is significantly
weakened (Johnson et al. 2002), except during the pas-
sage of Kelvin waves (Roundy and Kiladis 2006). Firing
et al. (1983) show that this weakening can lead to a near
reversal of the EUC, analogous to the atmospheric
weakening of the Walker circulation associated with
El Nifio events (Bjerknes 1969; Lau and Yang 2015).
The EUC has been observed at the depth of the
thermocline with a geostrophic broadening of the ther-
mocline at the location of the EUC core (Wyrtki and
Kilonsky 1984, their Fig. 2) due to relatively high zonal
velocities (e.g., Wyrtki and Kilonsky 1984; Lukas 1986;
Johnson et al. 2002). These studies also show a high
salinity tongue extending into the EUC core from the

south at the depth of the thermocline. This high salinity
water originates in the subtropical South Pacific and is
transported toward the equator by multiple pathways
(e.g., Knauss 1966; Johnson and McPhaden 1999; Liu
et al. 2014).

Few studies have attempted to characterize the path
of the EUC around the Galdpagos Archipelago, and
related details of the eastern equatorial Pacific circula-
tion remain unclear (Kessler 2006). Previous subsurface
observations in the eastern equatorial Pacific consist
mostly of relatively sparse shipboard ADCP data (e.g.,
Karnauskas et al. 2010) since the TAO array (Hayes
et al. 1991) does not extend east of 95°W. Lukas (1986)
used hydrographic data to show that the high salinity
tongue associated with the EUC remains intact east of
the Galdpagos Archipelago as far as 82°W. Lukas (1986)
also estimated geostrophic flow from dynamic topogra-
phy, finding that the EUC splits around the Galdpagos
Archipelago with eastward flowing branches north and
south of the islands. In a regional model, Karnauskas
et al. (2007) showed that SST across the eastern
equatorial Pacific is influenced by the presence of the
Galapagos Archipelago, which impacts the EUC and
characteristics of ENSO events (Karnauskas et al. 2008).

Here we use autonomous underwater glider obser-
vations from the Repeat Observations by Gliders in the
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FIG. 3. (a) Trajectories of the four Spray glider missions west of the Galdpagos Archipelago that are included in the
analysis. Individual profiles within 30 km of ND (blue dot), 93W (red dot), and SD (green dot) used in the analysis are
shown in color. Profiles not used in the analysis are shown by black dots. Dashed black lines indicate the three lines that
the gliders occupied, defining the area of interest A, The magenta line connecting the eastern endpoints of ND and SD
is the 300-m depth contour used to calculate Ag. The total number of profiles along each line is shown in the legend.
(b) Sampling along ND (blue), 93W (red), and SD (blue) as a function of time and latitude.

Equatorial Region (ROGER) program to diagnose the
flow of the EUC around the Galdpagos Archipelago and
to estimate areal-averaged upwelling between 93°W and
the Galdpagos Archipelago for a two-month period
during which the region was well sampled. Section 2
describes the ROGER program and the glider obser-
vations used here. Section 3 presents average velocity
fields (section 3a), describes the characteristics of horizon-
tal volume transport associated with the EUC (section 3b)
and provides an estimate of the time- and areal-averaged
vertical velocity profile (section 3c). Volume transport
by salinity class is analyzed in section 3d to determine
the latitude along 93°W where a split of the EUC around
the Galdpagos Archipelago may occur. Section 4 ex-
amines implications of the results and comparisons to
previous studies. Section 5 summarizes the results and
addresses potential for future study.

2. Observations and methods

ROGER used a fleet of Spray gliders (Sherman et al.
2001; Rudnick et al. 2016) to observe the equatorial
current system in the region west of the Galdpagos
Archipelago. From January 2013 through December
2016, a total of 19 glider missions surveyed along three
lines bounding a region (hereafter referred to as Ag) to
the west of the Galdpagos Archipelago (Fig. 3a, dashed
black lines). The fourth side of A, (Fig. 3a, magenta
line) consists of Isla Isabela, the largest of the Galdpagos
Islands. The three glider survey lines were 1) the northern
diagonal (hereafter referred to as ND), between the

northwestern corner of Isla Isabela and 2°N, 93°W, 2)
93°W from 2°N to 2°S (referred to as 93W), and 3) the
southern diagonal (SD), between 2°S, 93°W and the
southwestern corner of Isla Isabela. The sampling pat-
tern was designed to capture the path of the EUC as it
approaches the Galdpagos Archipelago, guided by the
modeling results of Karnauskas et al. (2010).

For closure of transport calculations, all three survey
lines need to be occupied simultaneously and only fully
occupied lines can be used to calculate transport for
each transect. This limits our analyses to the period
between 6 April 2016 and 31 May 2016 during which
time four gliders surveyed the region (Fig. 3). Gliders
were deployed from an oceanographic research vessel of
the Ecuadorian Instituto Oceanogréfico de la Armada
near the south coast of Isla Isabela on 30 March 2016.
Two missions followed SD toward 93°W, subsequently
occupying 93W. One mission each repeated transects
along ND and SD. The four gliders were retrieved west
of Isla Isabela on 20 July 2016. Three transects were
completed along 93W, two of which were nearly coinci-
dent; ND and SD were occupied five and four times, re-
spectively (Fig. 3b) between 6 April 2016 and 31 May 2016.

Each glider was equipped with a Sea-Bird SBE 41CP
conductivity—temperature—-depth sensor (CTD), a Seapoint
chlorophyll fluorometer, and a 1-MHz Nortek AD2CP
Doppler current profiler (Todd et al. 2017). All instru-
ments sampled during the ascending portion of each
glider dive from a maximum depth of 1000 m to the
surface. CTD and fluorometer measurements were av-
eraged to 10-m vertical resolution after postprocessing
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FIG. 4. Sections of (a) zonal velocity, (b) meridional velocity, (c) potential temperature, and (d) salinity in the
upper 1000 m from one southbound transect along 93W from 29 Apr to 23 May 2016. Isopycnals (kg m %) are shown
in black. Note the depth axis is nonlinear to highlight variability in the upper 300 m.

and quality control. Vertical profiles of absolute hori-
zontal velocity at 10-m resolution were estimated by
combining absolute depth-average current estimates
(Rudnick et al. 2018) with AD2CP-measured shear
following Todd et al. (2017). An example transect
(Fig. 4) resolves major features of the local equatorial
current system, including a well-defined EUC core with
maximum eastward velocity near 1ms™ ', a relatively
strong westward surface flow north of the equator as-
sociated with the South Equatorial Current (SEC), and
weaker meridional velocities.

Errors in temperature and salinity are small relative to
the expected signal after quality control of individual
measurements (Rudnick and Cole 2011). Obviously
faulty observations due to instrument failure were
flagged and excluded. The glider CTDs are highly accu-
rate (Rudnick and Cole 2011), calibrated periodically at
Sea-Bird, and checked prior to each mission using a
transfer standard in the laboratory. Salinity and density
observations are not available along ND during this time
due to a CTD failure.

Accurate subsurface velocity estimates are critical to
estimating horizontal volume transport. Estimated error
associated with depth-average velocity measurements
is 0.01-0.02ms ™' (Rudnick et al. 2018), small compared

with typical O(1) ms~! EUC velocities. Error in depth-
average velocity sets the absolute accuracy of velocity
profiles (Todd et al. 2017). To estimate depth-dependent
velocity errors, Todd et al. (2017) compared velocity
profiles from two earlier ROGER glider missions that
crossed paths three times while simultaneously occupying
93W. The root-mean-square (RMS) difference was be-
tween 0.07 and 0.09ms ™" for those three crossings. RMS
error of horizontal velocity for an individual profile
reaches a minimum near the middle of the profile as a
result of constraining velocity profiles to match measured
depth-average velocity (Visbeck 2002) and increases with
decreasing scatterers at depth. We assume that variance
in the ocean should not increase with depth after a min-
imum value is reached. Following Todd et al. (2017), we
compute profiles of velocity variance for 16 similarly
equipped ROGER glider missions deployed along ND,
93W, and SD during April 2014-May 2016 (Fig. 5a).
These profiles exhibit smaller increases in variance at
depth than found in Todd et al. (2017) due to minor
updates to quality control thresholds in postprocessing
that admit a greater number of individual measurements
of current velocity relative to the gliders. RMS errors
in depth-dependent velocity for all ROGER missions
that sampled to 1000 m are calculated as
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FIG. 5. (a) Profiles of velocity variance for each ROGER glider mission (gray) with the missions analyzed here
highlighted in blue. (b) Histogram of RMS errors [Eq. (1)] for each of the 15 glider missions that sampled to 1000 m.

Oims — \/ U%OOOm - 0-%0 ’ (1)
where z( is the depth of minimum variance for each
mission (average zo = 676m) and o” is the variance
over the length of the mission. RMS errors are typically
0.05-0.1ms~ " (Fig. 5b). All further analyses include
only observations obtained between 6 April 2016 and
31 May 2016.

3. Results
a. Velocity observations along transects

Average transects of flow across (normal to) and
along 93W, SD, and ND during 6 April 2016-31 May
2016 are constructed by rotating velocities, gridding and
smoothing individual transects, and finally averaging
transects. Velocities below 300 m are small (<0.1ms "),
consistent with Figs. 4a and 4b, and are not considered
further. Velocities for each transect along the three
lines are gridded onto a 15-km horizontal grid using a
Gaussian weighted average of the nearby data in order
to smooth high-frequency variability. Following Rudnick
et al. (2017), the Gaussian-weighting function W(y) is

~(y—dy’

all @)

W(y) = exp

where d is the along-track position of a grid point, L = 15km
is the chosen scale of the Gaussian weight, and y is
along-track position of a measurement. The Gaussian
scale is chosen based on the frequency at which there is a
change in slope in the spectrum of normal velocity at

50-m depth, associated with high-frequency variability,
consistent with the methods of Rudnick and Cole (2011)
and Rudnick et al. (2017). The L = 15km scale is
equivalent to a period of approximately one day, filter-
ing out tidal variations. The weighted average is

u(d) = i (W0, )u)] /ﬁ we,). 3)

i=

where u(d) represents gridded velocity (or other gridded
field) and summation is over the m observations within
80km of the grid point, beyond which W(y) < 0.001.
Time average velocity 7(d) is obtained by averaging
the gridded velocity from Eq. (3) for all transects along
each line. We assume that individual transects, lasting
10-20 days, are statistically independent and can be
weighted equally, with the exception of those along
93W. Since two transects occur at nearly the same time
along 93W (Fig. 3b), we average those two transects
together before averaging the result with the remaining
transect. Standard error estimates of the average sec-
tions of velocity are included in the appendix.

Average velocity normal to 93W during April-May
2016 (Fig. 6a) shows a clear EUC core with eastward
flow peaking near 0.9ms ' at 50-m depth and 0.7°S.
Measured near the end of the 2015/16 El Nifio, this peak
speed is higher than for the El Nifio average calculated
by Johnson et al. (2002), but lower than the La Nifia
average or the general long term average, possibly due
to a combination of El Nifio effects and the seasonal
maximum in EUC velocity that occurs during April—
May. During April-May 2016, the EUC core (normal
velocity > 0.3ms ') extends roughly from the surface to
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FIG. 6. Time average of velocity normal to (a) 93W and (b) ND
and SD above 300m. Positive (negative) velocities eastward
(into V) along 93W. Positive velocities are out of V along ND
(northeastward) and SD (southeastward) for clarity in this figure
only (elsewhere, all three survey lines use positive normal velocity
into V). Isopycnals (kg m ™) are drawn gray and are not available
for ND. The gap in (b) corresponds to the meridional extent of the
Galapagos Archipelago.

120-m depth and from 1.25°S to 0.5°N. North of the
EUC, the westward SEC has a maximum velocity of
0.7ms ! and extends vertically from the surface to a
depth of 75 m and meridionally from 0.5°N through the
end of the line at 2°N based on westward velocities
greater than 0.1 ms ™~ '. These observations are consistent
with previous studies of the equatorial current system
along 95°W (Johnson et al. 2001, 2002).

Normal velocities along the two diagonals during
April-May 2016 show the bifurcation of the EUC
around the Galdpagos Archipelago. Regions of high
velocity out of the control volume (Vy, defined by Ay,
the 0 and 300-m depth surfaces) are found across
ND and SD (Fig. 6b) on both sides of the Galdpagos
Archipelago. The magnitude of maximum velocity out
of the volume is 0.5ms™ ! along both ND and SD at
depths of 60 and 70 m, respectively, indicating that the
speed of the EUC core decreases as the EUC branches
around the Galdpagos Archipelago, consistent with the
results of Karnauskas et al. (2010).

The southern branch of the EUC extends from the
surface to about 150-m depth, with some weaker flow
(<0.2ms ') reaching 300m. The northern branch ex-
tends from the surface to 200 m, with very little flow at
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that the velocity scale differs from that of Fig. 6.

greater depths. Thus, the decrease in maximum velocity
along the two diagonals is also associated with increased
vertical extent of the EUC as it flows around the
Galapagos Archipelago. Flow between the archipelago
and 93°W across SD is dominated by the EUC branching
around the south side of the archipelago with negligible
flow into V. Across ND, the north branch of the EUC
is at a maximum close to the archipelago while flow
reverses across ND north of 0.75°N where the SEC
dominates.

Although our focus is velocity normal to each transect
for the purpose of estimating volume transport, we note
that along-track (meridional) velocity along 93W is
poleward from the surface to 280-m depth (Fig. 7); this
feature persists in a 3-yr average using observations
from the full ROGER observing period (not shown).
Near the surface, poleward velocities are likely a result
of Ekman divergence (e.g., Wyrtki and Kilonsky 1984;
Johnson et al. 2001; Perez and Kessler 2009). However,
poleward velocities extend below the thermocline,
deeper than a typical equatorial Ekman layer thickness
of 100m or less (e.g., Johnson et al. 2001; Perez and
Kessler 2009) and deeper than expected for tropical cells
(McCreary and Lu 1994). The ND section (Fig. 7b) is
dominated by northwestward flow with maximum ve-
locities at the surface due to a combination of SEC and
Ekman transport. SD (Fig. 7b) has mostly southwest-
ward along-track flow. The strongest flows along SD
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are normal to the line resulting in small along-track
velocities.

b. Net horizontal transport

We now consider the net volume transport into V.
For each transect, we define the ‘“‘transport profile”
T,.(z) as the horizontal volume transport per unit depth
(m?*s™! or Sym™'; 1Sv = 10°m®s™"). The transport
profile 7,(z) is calculated for individual transects by
integrating normal velocity (without smoothing) over
the length of the transect:

L

1,)= | ut2ay. )
where z is depth, # is an index corresponding to transect
number, v is velocity normal to the section, y is the
along-track distance of each dive, and L is total line
length. The integral in Eq. (4) is evaluated discretely
using a trapezoid rule.

The resulting transport profiles (Fig. 8) have maxi-
mum magnitudes above 300m. The magnitude of the
transport through 93W at the depth of the EUC core
varies by nearly a factor of 3 between transects. Similar
variations occur along the two diagonals, indicating
that variability of the EUC and related transport oc-
curs on time scales O(20) days, which is the time be-
tween consecutive transects, and implying that most
transects can be considered independent. RMS errors
in absolute velocity profiles contribute small errors to
our estimates of T),(z). For instance, for a 400-km-
long transect along 93W with 80 profiles uniformly
spaced every 5 km and RMS velocity error of 0.1ms ™!
(section 2), standard error propagation yields an error
in the transport profile of about 4 X 10 *Svm™!,
nearly two orders of magnitude smaller than the sig-
nals of interest (Fig. 8). As the transport errors due to
errors in velocity estimates are dwarfed by transect-
to-transect variability, they are henceforth neglected
in our calculations.

We calculate the average transport profile T;(z) for
each survey line / (93W, SD, and ND) by averaging
T,(z) from individual transects, as in section 3a. The
standard error of the mean o+(z) is calculated at each
depth level as

y =, 12
\/Z [7,(z) = T)(2)]

— : ©)

UT(Z) =

Variability during the finite time (10-25 days) required
for gliders to occupy individual transects is not accounted
for in estimation of o7(z).
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FI1G. 8. Horizontal transport profiles 7,,(z) for all complete tran-
sects from 6 Apr 2016 through 31 May 2016 along ND (blue), 93W
(red), and SD (green).

Consistent with average normal velocity (Fig. 6), av-
erage horizontal transport across 93W (Fig. 9a) tends to
be positive (into V) below 20m while average hori-
zontal transports across SD and ND are generally neg-
ative (out of Vy). Positive transport across 93W is
primarily due to the EUC with its core centered near
50-m depth (Fig. 6a). Strong negative transport is con-
fined to the surface, corresponding to the westward
SEC. Negative horizontal transports across SD and ND
peak around 50- and 100-m depth, respectively (Fig. 9a),
reflecting splitting of the EUC core around the Galdpagos
Archipelago as it continues eastward. The sign of hori-
zontal transport for ND changes from positive (0—40-m
depth) to negative (40-300 m) due to the presence of the
westward flowing SEC (positive horizontal transport) on
the north side of the archipelago that extends from the
surface to about 75-m depth north of 0.5°N (Fig. 6b).

To differentiate between the generally eastward
transport of the EUC and the generally westward
transport of the SEC around the islands, we separately
compute total, negative (out of V) and positive (into
V) horizontal transport from the surface to 300-m
depth (Table 1) for each side of V. Nearly all of the
volume transport of the EUC (16.4 = 0.6 Sv) bifurcates
into two branches north and south of the Galdpagos
Archipelago, with higher transport to the south (10.9 =
0.1 Sv across SD versus 7.6 = 0.1 Sv across ND, Table 1).
Subtracting the negative components of horizontal
transport along ND and SD from the positive compo-
nent along 93W provides an estimate for the change
in the EUC transport (AEUC) between 93W and the
diagonals; AEUC = —2.1 = 0.6Sv, so more flow exits
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FIG. 9. Profiles of (a) average horizontal transport 7/(z), (b) net horizontal transport into the control volume, (c) vertical velocity, as a
function of depth, and (d) horizontal transport as a function of potential density in the upper 300 m. Shaded color error bars show standard

errors. Dotted lines in (b) delineate depth layers I-IV.

Vg along the diagonals than enters through 93W.
Similarly, ASEC = —2.3 = 0.2Sv is defined as flow
into the volume along ND minus flow out along 93W.
Over the upper 300m, AEUC and ASEC are negative.
The small positive transport along SD (0.7 £ 0.1Sv)
leads to a net divergence in the upper 300m of —3.6
+ 0.7Sv.

The three average transport profiles (Fig. 9a) are
summed to give the average net transport profile Tpc:(z)
into V (Fig. 9b). For a given depth range, when the net
transport profile is negative (positive), there is net hor-
izontal divergence (convergence) averaged over the
volume at that depth. The volume V, is divided by depth
into four layers using the transport profile of Fig. 9b.
These four layers are layer I, 5-35m; layer 11, 35-75 m;
layer III, 75-225 m; and layer IV, 225-305m (Fig. 10).

In layer I, EUC related flow is divergent (greater flow
out along the diagonals than in across 93W). Net di-
vergence in layer I is dominated by strengthening of
the SEC between its entry into Vy across ND and its
exit across 93W, primarily due to the entrainment of
upwelled waters and the northern branch of the split
EUC as it is deflected northward by the archipelago
(Fig. 10a). However, since both AEUC and ASEC are
negative, there must be an additional source of volume
transport into layer I. Ekman divergence likely con-
tributes to net divergence via poleward flow on both
sides of the equator, as indicated by tangential (along-
track) velocities along ND and near 0.5°N along 93W
(Figs. 7 and 10a).

Net convergence in layer II (Fig. 9b) results from
greater transport into Vy; by the EUC core across 93W
compared with the combined transport out of V,, along
the diagonals (Fig. 10b). While there is net convergence
in this layer, SEC divergence is stronger than in layer I,
which implies there must be additional mechanisms re-
sulting in a net convergence. Layer II convergence
may be driven by vertical spreading of the split EUC,
resulting in decreased transport out of Vg along the
diagonals within layer II, and topographic upwelling
of the EUC as it reaches the Galdpagos Archipelago.
Below layer II, vertical spreading of the split EUC
results in increased transport out of Vg along the
diagonals.

Net divergence in layer III over Ay, below the EUC
core, is partially a result of greater EUC related flow out
of Vg across the diagonals than in across 93W (Figs. 6
and 10c). However, the transport out of Vy; in layer III
has a greater magnitude than transport into V in layer
II, which indicates that the net divergence cannot be

TABLE 1. Average transport (Sv) and standard error normal to
each line above 300 m. Negative (positive) transport is calculated
by summing over only negative (positive) velocities. Positive in-
dicates into the control volume.

Transport component ND 93W SD
Negative -76 01 —-60%x02 -109=x0.1
Positive 3701 164 *06 0.7 £ 0.1
Total -39*02 105%07 -101=x0.1
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FIG. 10. Time- and depth-average velocity (black vectors) for (a) layer I, 5-35m, (b) layer II, 35-75m, (c)
layer III, 75-225 m, and (d) layer IV, 225-305 m. Numerical values and associated colored arrows represent hor-
izontal transport (Sv) in each layer. Red indicates flow associated with the SEC (in across ND, out across 93W), blue
is flow associated with the EUC (in across 93W, out across ND and SD), and gray arrows indicate flow not directly
associated with the EUC or SEC. Shown at the upper right, 7'is the net horizontal transport into the control volume

in each layer.

accounted for solely by downwelling of EUC waters as
the EUC splits into two branches. Below the EUC, SEC,
and Ekman transport, layer IV is nearly nondivergent
(Fig. 10d). Net divergence over the upper 300 m is dis-
cussed further in section 4.

To provide insight into the mechanisms behind ver-
tical spreading of the EUC branches compared to the
incoming EUC across 93W, we calculate average hori-
zontal volume transport profiles across 93W and SD as
functions of potential density by interpolating velocity
estimates onto potential density surfaces prior to cal-
culating volume transport (Fig. 9d; ND density is un-
available due to CTD failure). The horizontal transport
maximum along 93W and subsequent decrease toward
zero below oy = 26.5kgm ™~ occur on the same potential
density surfaces as along SD (Fig. 9d). Between 93W
and SD, imbalances in horizontal transport along fixed
depths below 75 m are in part due to isopycnal spreading
and flow across ND. Above o, = 25kgm >, transport
across 93W and SD are negative, presumably due to flow

into Vg across ND. Despite the lack of ND potential
density observations, the alignment of local maxima and
minima below oy = 25.5kgm > along 93W and SD sug-
gests along-isopycnal flow at these depths.

c. Vertical velocity

Integrating the average net horizontal transport pro-
file (Fig. 9b) from the surface to 300-m depth gives a net
transport of 3.6 = 0.7 Sv out of the volume. The average
vertical velocity required at 300 m to balance this hori-
zontal divergence is (8.0 = 1.6) X 10 >ms ™', indicating
net upwelling during the observed time period. To es-
timate w(z), the time- and areal-averaged vertical ve-
locity profile in the region Ay, we time average ((-)) the
incompressible continuity equation, solve for d(w)/dz,
average over Ay, and apply the divergence theorem to
obtain

ol e KL vl
— || SHdaa=—| wdy=—T,,
Ay))a, oz Al Ay e

(6)
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where (u(y, z)) is time-average horizontal velocity nor-
mal to ND, 93W, and SD, and P is the perimeter of Ag.
We then estimate w(z) by integrating the average hori-
zontal volume transport profile Tnel(z) vertically as

W) = -] Tz a)

g’z

where z is positive upward and we assume that w = 0 at
zo = —10m, the shallowest depth at which velocity is
estimated. The value of Ay = 4.51 X 10*km? is the area
of the region with maximum depth greater than 300 m
within the polygon defined by the three glider survey
lines and Isla Isabela (Fig. 3). The standard error of the
average of vertical velocity ow(z) is

Z,
o (2)= J oo(2) dz., (®)
z
where 0%(z) is defined in Eq. (5).

Above 50m (Fig. 9¢), significant upwelling is consis-
tent with SST observations of Fig. 1 due to horizontal
divergence (negative net transport) that exists above the
EUC core (layer I, Fig. 10a). The local maximum vertical
velocity is (1.7 = 0.6) X 10 °ms ! (or 1.5 = 0.5mday ')
at 25-m depth. Vertical motions are small compared to
horizontal motions, so standard error associated with
vertical velocity is high compared to the magnitude of
w(z) and W(z) is not significantly different than zero
from about 50 to 100 m. Vertical velocity decreases be-
low 30m from the near surface peak until it reaches a
minimum near 75m (Fig. 9¢), corresponding to the re-
gion where the EUC core is strongest and there is net
convergence in layer II (Fig. 10b).

Below 75 m, positive vertical velocity (Fig. 9¢) is pri-
marily attributed to increased vertical extent of the
north and south branches of the EUC core in layer III
compared to the EUC core along 93W in layer II as
it reaches the archipelago (Fig. 10c) and meridional
divergence in the upper 300m (Fig. 7), resulting in
net divergence in layer III. Vertical velocity is nearly
constant below 225 m, consistent with near zero diver-
gence in layer IV. The maximum vertical velocity of
(8.0 = 1.6) X 10 >ms ™! occurs at a depth of 300 m.

d. Volume transport by salinity class

Using the methods of section 3a, we calculate average
salinity along 93W and SD (Fig. 11). A major feature of
the average salinity section along 93°W (Fig. 11a) is
the subsurface salinity maximum (salinity > 35.1) from 0.5°S
to 2°S at the depth of the EUC core (50m). High salinity
water originates in the subtropical South Pacific (Knauss
1966; Fiedler and Talley 2006) and is transported equator-
ward via multiple pathways (Johnson and McPhaden 1999).

JAKOBOSKI ET AL.

897

Galapagos

Archipelago
200 1
250 b
300 L L L o
2°S 1°S 0° 1°N 2°N
Latitude
34.8 34.9 35 35.1 35.2 35.3
Salinity

FI1G. 11. As in Fig. 6, but for salinity. The dashed line in
(b) delineates the Galdpagos Archipelago from ND, where salinity
observations were not available. Contours of normal velocity (ms ')
are shown in black; negative velocity contours are dashed.

The high salinity (35.2-35.25) tongue observed along
93W is bounded by the 24.5 and 25.5kgm > iso-
pycnals, consistent with observations of Johnson and
McPhaden (1999) along 125°W. There is an addi-
tional local salinity maximum at a depth of 50 m be-
tween the equator and 0.5°N, consistent with transient
extensions north of the equator in the central Pacific
on monthly time scales as described by Johnson
et al. (2000).

A high salinity tongue similar in shape to that along
93W also exists along SD (Fig. 11b). The SD high sa-
linity tongue slopes downward from 2°S to 1.1°S from a
depth of 20 to 70 m, following sloping isopycnals and
consistent with deepening of the EUC as it branches
around the Galdpagos Archipelago. The salinity section
along SD closely matches in magnitude and spatial
pattern the section along 93W between 2°S and about
0.4°S, indicating that much of the water south of 0.4°S
entering the volume across 93W exits out the SD. High
salinity water exiting along SD has similar temperature
and salinity properties to the high salinity tongue along
93W (Fig. 12). However, SD includes water of higher
salinity. This discrepancy could be due to slight differences
in sampling coverage between the two lines (Fig. 3b) as
the higher salinity water in the average section is the result
of a single SD transect.

We now consider volume transport as a function of sa-
linity class along 93W and SD, adapting our methodology
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FIG. 12. Potential temperature-salinity diagram along (a) 93W north of 0.4°S (blue), (b) along 93W south of 0.4°N (red), and (c) along
SD (green). In (a)-(c), all potential temperature-salinity pairs along 93W between 2°S and 2°N are shown with gray dots. Isopycnals

(kgm ) are shown in gray contours.

from section 3b. We compute the cumulative volume
transport of waters in the upper 300 with salinity less
than salinity S through 93W and SD as

z=10m pL
Tn(S)=J J u(y, )HS — s(v.2)] dydz,  (9)

300m Jo
where 7 is the index corresponding to a single transect,
H is the heaviside function, S is the upper salinity bound,
s(y, z) is the observed salinity, and L is the length of the
line. The term 7,(S) is the time average of T,(S) for a

given survey line, where subscript / indicates 93W or SD.
Standard error for T;(S) is

\/ 2T, -TE)F

n=1

o (8) = (10)

N

Volume transport is into the volume along 93W for all
salinity classes as indicated by the monotonically in-
creasing cumulative transport (Fig. 13a, red); similarly,
transport is out of the volume for all salinity classes
along SD (Fig. 13a, green). Volume transport as a
function of salinity along ND is estimated by assuming
that net horizontal volume transport is zero for each S
so that Txp(S) = —[Tosw(S) + Tsp(S)]. For salinities
above 35, transport into Vg across 93W is nearly equal to
transport out across SD, as indicated by nearly constant
cumulative transport of salinities above 35 along ND
(Fig. 13a). The high salinity tongue transported into Vy
across 93W leaves through SD. In the salinity range
34.9-35, waters flowing in across 93W are not accounted
for by flow out across SD, implying transport of those
waters out of V, across ND.

To examine the meridional dependence of these re-
sults, we recompute Toszw(S) using only observations

between 2°S and 0.4°S along the 93W line (Fig. 13b).
The cutoff latitude of 0.4°S was obtained by minimizing
the average squared difference between Tozw(S) and
Tsp(S), such that residual transport through ND was as
small as possible for all S (Fig. 13b). This latitude can be
interpreted as the boundary where the EUC splits
into north and south branches around the Galdpagos
Archipelago. Deviation from zero transport through
ND (positive or negative slopes) is indicative of varia-
tion of the bifurcation latitude with depth.

Upon reaching the Galdpagos Archipelago, the EUC
splits into a north and south branch. Water south of 0.4°S
flows south around the archipelago, while water north of
the cutoff latitude flows north around the islands. The
cutoff latitude south of which nearly all water that enters
Vg1 across 93W exits along SD is close to the latitude of
the center of the Galdpagos Archipelago and the ap-
proximate average latitude of the EUC core during this
time period (Fig. 6). Water mass properties in the south
branch of the EUC match those of waters in the south-
ern half of the EUC along 93W (Fig. 12). Since the north
branch of the EUC exits V,,; along ND, it is likely that a
similar scenario occurs north of 0.4°S.

4. Discussion
a. EUC transport and bifurcation

Total volume transport of the EUC across 93W
(16.4 = 0.6 Sv) in this study is less than previous esti-
mates of 20-30Sv in the central Pacific (Lukas and
Firing 1984; Wyrtki and Kilonsky 1984), due to the
well-known weakening of the EUC as it moves eastward
(Johnson et al. 2002), possible effects of the 2015/16
El Nifio, and/or the annual cycle of wind stress in the
equatorial Pacific (Kessler et al. 1998). These discrepancies
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FIG. 13. (a) Cumulative volume transport as a function of salinity for 93W (red) and SD (green). Cumulative
transport through ND is calculated as a residual due to the lack of CTD data. Shading shows standard errors.
Positive transport is into the control volume. (b) As in (a), but for transport through 93W only south of 0.4°S.

in EUC transport between studies are due to temporal
and spatial differences.

The bifurcation of the EUC along 92°W was previ-
ously estimated by Lukas (1986) using a climatological
average of historical observations between 100° and
80°W. Because these sections were taken on either side
of the Galdpagos Archipelago, the splitting of the two
branches was not directly observed. However, the be-
ginnings of the split into a north and south branch were
evident along 92°W with a north branch extending down
to 400 m, much deeper than the weaker south branch.
Along 88°W, two eastward branches existed on either
side of the equator, with the stronger branch to the
north. During April-May 2016, our analysis shows two
nearly equal branches with similar vertical extent to
200m. Volume transport as a function of salinity shows
that the meridional boundary where the split between
the branches occurs is at 0.4°S, just north of the merid-
ional center of the Galdpagos Archipelago and the EUC
core. Figure 13b indicates that the high salinity tongue,
extending equatorward from the Southern Hemisphere,
is advected south of the Galdpagos Archipelago as the
EUC splits into north and south branches. Differences
between our results and those of Lukas (1986) may be
due to temporal differences between the two studies
relative to annual and ENSO cycles.

Model analyses have suggested that the path of the
EUC around the Galdpagos Archipelago may have im-
pacts on the local ecosystem (Karnauskas et al. 2015),
the equatorial Pacific cold tongue (Karnauskas et al.
2007), and the basic state of the tropical Pacific
(Karnauskas et al. 2014). These results are also sensitive

to model resolution of the EUC (Karnauskas et al.
2008). Validation of model results requires observations
of the path of the EUC just west of the Galdpagos
Archipelago, such as those presented here. Additionally,
it is unknown to what degree and by what pathway the
EUC contributes to the eastern equatorial Pacific cold
tongue that extends westward from the coast of South
America (Wyrtki 1966; Philander 1973; Kessler 2006;
Karnauskas et al. 2007). This study does not directly ad-
dress the latter question, but the observed bifurcation
of the EUC (Fig. 6) indicates that the two branches
may reach the eastern Pacific cold tongue east of the
Galdpagos Archipelago at 90°W (Fig. 1) while main-
taining most of the zonal transport of the EUC prior to its
encounter with the Galdpagos Archipelago.

b. Upwelling and the GCP

The average vertical velocity profile indicates upwell-
ing throughout the upper 300m, with maximum value
of 80+ 1.6 X 10 °ms ' or 6.9 + 1.4mday ' at 300m
(Fig. 9c). While this upwelling rate is large by open-ocean
standards, we expect vertical velocity in the region of Ay
to differ from the general equatorial upwelling reported
by previous studies (e.g., Weisberg and Qiao 2000;
Johnson et al. 2001; Wyrtki 1981) due to the presence of
the Galdpagos Archipelago, which adds the possibility
of topographic upwelling that is not a factor in the
central Pacific. The existence of the local minimum in
SST within the GCP (Fig. 1) suggests that the region
between 93° and 91.5°W is characterized by enhanced
upwelling compared to the central equatorial Pacific.
A major difference between our estimated upwelling
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and estimates in previous studies is that the average
vertical velocity profile estimated here has high values
below the EUC core.

1) COMPARISON TO OTHER ESTIMATES

Our estimate of upwelling above 50 m, with maximum
value of (1.7 + 0.6) X 10 °ms ! at 25m, is slightly less
than the maximum of 1.9-2.0 X 10 > ms ! reported by
Weisberg and Qiao (2000) at 140°W and by Johnson
et al. (2001) at 170°-95°W, but agrees within the stan-
dard error. Wyrtki (1981) estimated upwelling across the
50-m depth surface in the central Pacific to be 1.1 X
10 °ms~!, while Meinen et al. (2001) estimated it to
be 0.3 X 10 °ms™~ ' at 50-m depth and 95°W, both less
than our estimate. These differences may be attributed
to a combination of the following:

(i) Discrepancies in upwelling between studies are
impacted by the relatively broad meridional extent
of Ay, as Johnson et al. (2001) showed that the
maximum in equatorial upwelling occurs along the
equator and decreases with increasing latitude. The
western (93W) and eastern (Galdpagos Archipelago)
boundaries of A, span 4° and 1.1° latitude about the
equator, respectively, with the centroid of Ay lo-
cated slightly south of the equator at 0.3°S. Weisberg
and Qiao (2000) and Johnson et al. (2001) ob-
tained higher vertical velocity estimates from ob-
servations that spanned 2° across the equator.
Wyrtki (1981) and Meinen et al. (2001) used data
from meridional ranges of 4° and 10° latitude
centered around the equator, respectively, and
arrive at estimates less than the one in this study.
Our estimated w(z) is an average over Ay, yet the
SST minimum associated with the GCP (Fig. 1)
is confined to a fraction of Ag. If upwelling asso-
ciated with the GCP occurs over an area smaller
than Ay, then vertical velocity over the smaller
area is proportionally stronger than that in Fig. 9c.

(ii) The spatial extent of the GCP is limited to a
smaller horizontal area during the 6 April 2016-
31 May 2016 time period compared to the 2004-16
time average (Fig. 1), consistent with topographic
upwelling of a weaker-than-average EUC. On
seasonal time scales, Kessler et al. (1998) and
Kessler (2006) show that meridional and zonal
wind stresses along the equator between 95° and
90°W are at a minimum during April-May (con-
sistent with Fig. 2), while equatorial SST is at a
maximum. Climatologically, the EUC is seasonally
stronger than average during April-May (Johnson
et al. 2002), yet the EUC observed by the gliders
during April-May 2016 is weaker than average.
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This is likely an impact of the end of the 2015/16
El Nifo.

(iii) The end of the strong 2015/16 El Nifio may have
resulted in decreased equatorial upwelling com-
pared to a long-term average. In addition to po-
tentially decreasing the maximum velocity of the
EUC core, El Nifio events are associated with a
decrease or reversal in easterly trade winds after
initial anomalous westerly wind bursts (Firing et al.
1983). A decrease in trade wind magnitude could
result in minimal surface divergence along the
equator and decreased equatorial upwelling, in
addition to decreasing potential wind-driven to-
pographic upwelling in the lee of the Galdpagos
Archipelago (Fig. 2).

Regional ocean model results of Karnauskas et al.
(2007) indicate upwelling in the upper 300 m along the
equator west of the Galdpagos Archipelago, with a
maximum near 300m (Karnauskas et al. 2007, their
Fig. 12d). On the equator, upwelling is apparent over the
entire upper 300 m and over the distance between 93W
and the archipelago, consistent with the meridional di-
vergence of Fig. 7a. If we integrate only the meridional
divergence from the surface to obtain an estimate
for vertical velocity, the maximum vertical velocity is
near 300 m with a magnitude twice that seen in Fig. 9c.
While this estimate assumes that du/ox is zero, it is
likely that du/dx is negative as the EUC reaches the
archipelago, which would reduce the resulting vertical
velocity. The maximum in vertical velocity near 300 m
in Fig. 9c is consistent with the meridional velocity
section of Fig. 7a.

The same model (Karnauskas et al. 2007, their Fig. 14)
shows deepening and slowing of the two branches of the
EUC as they bifurcate around the archipelago. It re-
mains to examine the mechanisms resulting in vertical
spreading of the EUC after bifurcation. It would also be
useful to obtain measurements of temperature, salinity,
and current velocity along a zonal transect between 93W
and the archipelago at the latitude of minimum SST
within the region of the GCP and to directly compare
the observed zonal transect with model estimates of
isopycnal shoaling/deepening. This approach would have
the benefit of examining whether cold SST of the GCP is
due to isopycnal shoaling, vertical mixing, or a combina-
tion of these.

2) POTENTIAL ERROR SOURCES

We identify three main potential sources of error in
the vertical velocity calculation:

(i) The assumption of zero divergence at 10-m depth:
Easterly wind stress along the equator (Fig. 2b)
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would result in nonzero Ekman divergence above
10m. The gliders’ downward looking AD2CPs do
not resolve depth-dependent velocity shallower
than 10 m so any divergence in the upper 10 m is not
included in our analysis. Such a divergence would
shift the entire vertical velocity profile toward more
positive values, increasing upwelling estimates due
to integrating the net horizontal transport profile
without impacting estimated errors. During April-
May 2016, winds were light over the GCP (Fig. 2b),
suggesting that wind-driven surface divergence was
small. Winds in this region during the study period
are expected to be weak compared to the annual
mean (Fig. 2a), since the April-May time period
corresponds to the seasonal trade wind minimum
(Kessler et al. 1998; Kessler 2006).

Unresolved flow near the boundary with the
Galdpagos Archipelago: The ND and SD lines
terminate approximately Skm from the archipel-
ago, leaving a region of unresolved flow. A reversal
of flow (into V) in these boundary regions would
decrease vertical velocity. If this flow reversal had
an average magnitude of 1 ms~ ' over 5-km-wide by
300-m-deep regions on both sides of Isla Isabela,
the resulting transport would be 3 Sv into the vol-
ume, which is not sufficient to reduce the total
transport of —3.6 = 0.7 Sv to zero. It is unlikely that
there is such a strong reversal of flow into V within
the unresolved boundary regions that vertical ve-
locity would be near zero at 300-m depth.
Unresolved temporal variability: Velocity changes
that occur during the time it takes a glider to
complete a section are not fully resolved. High-
frequency motions with periods less than one day
are filtered via Eq. (2), but processes with time scales
close to the 10-20-day time scales required for gliders
to occupy individual transects have the potential to
impact the vertical velocity estimate.

(ii)

(iii)

As a simple check of the estimated vertical velocity
profile in the upper 50 m, we consider the minimum SST
in Fig. 1c of 22°C, which occurs at a latitude of 0.75°S.
Along 93W at the same latitude, the average depth of
the 22°C isotherm is approximately 20 m. The distance
of the point of minimum SST in the GCP from 93W
is approximately 130km, which suggests that a parcel
of water with minimum SST in the GCP rises 20 m over
130km between 93W and the point at which it reaches
the surface. If we assume the parcel travels at a constant
velocity equal to the velocity it has when crossing 93W
(approximately 0.1ms~' at 20-m depth and 0.75°S,
Fig. 6a), the vertical velocity necessary to reach the
surface by the time it reaches the GCP is 1.3mday .
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This estimate is remarkably close to that of the average
vertical velocity profile in the upper 50 m, which has a
maximum value of 1.5mday ! at 25-m depth.

3) MECHANISMS

Upwelling near the surface coincides with strength-
ening of the SEC between ND and 93W and may be due
to poleward Ekman transport combined with shoaling
of some EUC flow between 93W and the diagonals.
Increase in SEC transport may be attributed to en-
trainment of both upwelled waters and the northern
branch of the split EUC. However, entrainment of the
EUC into the SEC or vice versa alone is not sufficient to
explain divergence near the surface, since AEUC and
ASEC are both negative (section 3b).

Upwelling below 110m is partially associated with
vertical spreading of the EUC across ND and SD com-
pared to the coherent EUC core across 93W, resulting in
net divergence below the EUC core. In layers I (0-35m)
and IIT (75-225m) of section 3b, negative transport has
greater magnitude than positive transport associated
with the EUC. This suggests that a mechanism beyond
vertical spreading of the EUC is necessary to account for
the overall net divergence (upwelling) in the upper
300m. During the 2-month average presented here
and a 3-yr average also calculated using ROGER ob-
servations (not shown), divergence in the along-track
direction (dv/dy) along 93W extends throughout the
upper 300 m (Fig. 7a, 2-month average). It is possible that,
in an incompressible ocean, meridional divergence along
93W is balanced by a zonal convergence, such as a
slowing EUC as it moves eastward. While the normal
velocities of Fig. 6 indicate that the EUC is slowing be-
tween 93W and the Galdpagos Archipelago, the EUC is
confined to the upper 150m and meridional divergence
occurs over the entire upper 300m. Combined with
overall net divergence in the upper 300 m, it is likely that
the meridional divergence along 93W (Fig. 7a) is asso-
ciated with upwelling just north of the equator. The
average vertical velocity profile of Fig. 9c may be a re-
sult of horizontal divergence and convergence associ-
ated with the EUC and SEC passing the Galdpagos,
superimposed on upwelling in the upper 300 m that is
suggested by the meridional velocity section along 93W.
The mechanism driving this meridional divergence is
currently unknown.

Vertical spreading of the EUC as it bifurcates around
the Galéapagos (Fig. 6) implies downwelling, not the in-
ferred upwelling below 75m (Fig. 9¢c). Average SST
(Fig. 1c) reaches a minimum in a limited region near
0.75°S, consistent with the chlorophyll (ocean color)
observations of Palacios (2004). According to average
density sections (black contours of Fig. 11), isopycnals
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slope downward between 93W and SD (and presumably
between 93W and ND, although density estimates are
not available). We expect isopycnals to slope upward
between 93W and the Galdpagos Archipelago near the
latitude of minimum SST (maximum upwelling), which
the gliders did not directly observe. In addition, SST is
impacted by wind stress and anomalously cold SST re-
sulting from upwelling is likely advected into a broader
region than where the upwelling actually occurs. While
sections of velocity normal to 93W and SD indicate
downwelling as the EUC flows eastward, SST (Fig. 1c)
suggests a limited region of localized, intense upwelling
within Ay that was not directly observed due to the
positions of the glider transects outside of the region
of minimum SST. The average vertical velocity pro-
file over A, thus incorporates intense upwelling just
off the coast of Isla Isabela, possible upwelling as-
sociated with the meridional divergence over the
upper 300m, and possible regions of downwelling
consistent with vertical spreading of the two branches of
the EUC (Fig. 14).

S. Summary

Autonomous underwater glider observations during
April-May 2016 capture the bifurcation of the EUC
around the Galdpagos Archipelago (Fig. 6) and allow
estimation of upwelling (Fig. 9) that supports the
persistent, anomalously cold SST of the GCP (Fig. 1).
Time-average velocity over the 52-day time period
shows a coherent EUC and SEC along 93W. Along
both ND and SD, there is transport out of Vy; at the
depth of the EUC, indicating the EUC splits into
northern and southern branches as it encounters the
Galapagos Archipelago (Fig. 14). The existence of
the GCP may be explained by a combination of to-
pographic upwelling of the EUC as it reaches the
Galdpagos Archipelago, wind-driven coastal upwell-
ing, and Ekman divergence along the equator. Surface
(10m) winds in the vicinity of the GCP are light
compared to those near 140°W (Fig. 2), yet the GCP is
characterized by temperatures colder than those as-
sociated with general equatorial upwelling across the
central Pacific (Fig. 1¢). An additional mechanism is
needed, supporting topographic upwelling as a mech-
anism behind the GCP.

Although this study was limited in time to a sin-
gle 52-day period in 2016, we successfully observed
the path of the EUC just west of the Galdpagos
Archipelago. Future studies will leverage temporal
variability over the full 3-yr time period of avail-
able glider observations to further understand mech-
anisms behind results presented here. Results of this
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Surface ng/

Equator

FIG. 14. Schematic of upwelling and the bifurcation of the EUC
in the region west of the Galdpagos Archipelago. Eastward,
EUC:-related flow is shown in red; splitting of the EUC into a
north and south branch around the archipelago and upwelling of
the EUC near Isla Isabela are indicated by red arrows. Vertical
black arrows indicate upwelling consistent with meridional di-
vergence over the upper 300 m. Westward SEC flow is shown
in blue.

study will be quantitatively compared to model results
(e.g., Karnauskas et al. 2007, 2014) to improve un-
derstanding of implications of the observed bifurca-
tion and upwelling of the EUC at the Galdpagos
Archipelago.
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APPENDIX

Standard Error of Average Sections

Standard error of average velocity (Fig. Al) and sa-
linity (Fig. A2) are estimated as
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F1G. A2. As in Fig. Al, but for salinity.
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N
\/ 2 [C(r.2) = C(, 2

n=1

o,(y,2) = N ,

(A1)

where C(y, z) is velocity or salinity of a point on a
gridded transect, and y is along-line distance.
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