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ABSTRACT: The strong El Nifio of 2014-16 was observed west of the Galdpagos Islands through sustained deployment of
underwater gliders. Three years of observations began in October 2013 and ended in October 2016, with observations at
longitudes 93° and 95°W between latitudes 2°N and 2°S. In total, there were over 3000 glider-days of data, covering over
50000 km with over 12 000 profiles. Coverage was superior closer to the Galdapagos on 93°W, where gliders were equipped
with sensors to measure velocity as well as temperature, salinity, and pressure. The repeated glider transects are analyzed to
produce highly resolved mean sections and maps of observed variables as functions of time, latitude, and depth. The mean
sections reveal the structure of the Equatorial Undercurrent (EUC), the South Equatorial Current, and the equatorial front.
The mean fields are used to calculate potential vorticity Q and Richardson number Ri. Gradients in the mean are strong
enough to make the sign of Q opposite to that of planetary vorticity and to have Ri near unity, suggestive of mixing.
Temporal variability is dominated by the 2014-16 El Nifio, with the arrival of depressed isopycnals documented in 2014 and
2015. Increases in eastward velocity advect anomalously salty water and are uncorrelated with warm temperatures and deep
isopycnals. Thus, vertical advection is important to changes in heat, and horizontal advection is relevant to changes in salt.
Implications of this work include possibilities for future research, model assessment and improvement, and sustained ob-
servations across the equatorial Pacific.
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1. Introduction spanned the equatorial Pacific at ten different longitudes dur-
ing the years 1985-2000, so that there were as many as 34
sections at a single longitude during that time period. The
latitudinal separation between CTD stations was usually 1°,
while the continuous profiling of the ADCP provided finer
resolution. Results addressed the mean fields, the annual cycle
and different phases of the El Nifio-Southern Oscillation
(ENSO) cycle. This work complements Johnson et al. (2002)
with an intensive description of the EUC at the eastern ter-
minus (and beyond) of the TAO array derived from several
tens of sections over a few years spanning a strong El Nifio.
A basic description of the oceanography of a region often
involves the consideration of volume, heat, and salt variability.
In the region west of the Galdpagos where ROGER was
located, the EUC dominates the circulation (Lukas 1986;
Karnauskas et al. 2010). In this region, the eastward flowing
EUC must slow at the equator as it is blocked by the islands,
and also must be diverted meridionally to pass around the is-
lands. The details of this diversion, and the rates of upwelling
or downwelling that may also be involved, were recently ad-
dressed using data from ROGER (Jakoboski et al. 2020).
Upper-ocean heat changes, especially during an El Nifio event,
are largely caused by heaving of the thermocline (Wyrtki
1975). The change in sign of planetary vorticity across the
equator makes the region an excellent waveguide, with east-
ward propagating Kelvin waves a direct cause of this heaving.
Evidence from the TAO moorings suggests that the EUC is
modulated by these Kelvin waves (Roundy and Kiladis 2006).
Corresponding author: Daniel L. Rudnick, drudnick@ucsd.edu ~ The EUC transports salty water from the western equatorial

The equatorial current system (ECS) in the eastern equa-
torial Pacific is an important element in global climate vari-
ability. Ocean—atmosphere interactions are central to the
establishment of El Nifios, including the ocean’s crucial role in
the zonal transport of mass, heat, and salt. Sustained ocean
observations in the ECS include the Tropical Atmosphere
Ocean (TAO) moored array (McPhaden et al. 2010) and the
Argo array of profiling floats (Gasparin and Roemmich 2017;
Riser et al. 2016), providing excellent resolution in depth and
time across the equatorial Pacific. Reviews of the current state
of sustained observations and plans for the future are in the
Tropical Pacific Observing System plans (Smith et al. 2019).
Less well observed is the meridional structure of such features
as the Equatorial Undercurrent (EUC), the South Equatorial
Current (SEC), and the equatorial front. The central obser-
vational goal of the Repeat Observations by Gliders in the
Equatorial Region (ROGER) project was to quantify these
features with fine horizontal resolution using underwater
gliders (Rudnick et al. 2004; Rudnick 2016).

A standard reference for an observational description of the
EUC is the seminal work of Johnson et al. (2002). That study used
acoustic Doppler current profiler (ADCP) and conductivity—
temperature—depth (CTD) data from ships, mostly those servic-
ing the TAO array. The 172 meridional sections of velocity

DOI: 10.1175/JPO-D-20-0064.1

© 2020 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses).

Brought to you by NOAA CentraB Library | Unauthenticated | Downloaded 08/13/24 07:20 PM UTC


mailto:drudnick@ucsd.edu
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses

4 JOURNAL OF PHYSICAL OCEANOGRAPHY

—0
3 L
500
2
— 1000
1 B
) E
20 2000 £
o o
. [a}
-1F
- 3000
-2k
-3
~ 4000

-96 -95 -94 -93 -92 -1 -90
Longitude

FIG. 1. Spray underwater glider tracks during ROGER, October
2013-October 2016.

Pacific, with the highest salinity in the southern part of the
EUC (Johnson and McPhaden 1999; Johnson et al. 2002). The
strong shear at the boundaries of the EUC leads to first-order
effects by mixing (Moum et al. 2009; Warner and Moum 2019).
The concurrent, high-resolution observations presented here
address some of the mechanisms involved in balances of vol-
ume, heat, and salt.

ROGER was undertaken as a relatively short duration ex-
periment, without special regard to the phase of the ENSO
cycle. Deployments of Spray underwater gliders began in
October 2013 and extended through October 2016. An El Nifio
serendipitously occurred during 2014-16, offering a special
opportunity to observe the ECS in detail during the estab-
lishment and decay of the event. In this paper, we present
observations of velocity, temperature, salinity, and such de-
rived quantities as potential vorticity and Richardson number.
Methods are presented in section 2, including the specifics of
the glider sampling and the approaches used to calculate mean
fields and objective maps. In section 3, the mean fields are
considered as functions of latitude and depth. Variability is
examined through maps as functions of time and latitude, and
of time and depth. Time series indices of temperature, salinity,
eastward velocity, and pycnocline depth help to understand the
processes affecting heat and salt. Statistical distributions of
Richardson number are calculated as functions of depth.
Finally, we close with a discussion (section 4) and conclusion
(section 5).

2. Methods

The goals of ROGER were addressed through repeated
deployments of Spray underwater gliders (Sherman et al. 2001)
on three lines. The central line was on 93°W between 2°S and
2°N, where the objective was to have two gliders on this line at
all times. In addition, two lines from the northern and southern
ends of the Galapagos archipelago (at Isla Isabela) to the ends
of the 93°W line were designed to close off a box for the
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FI1G. 2. Sampling by Spray underwater gliders during ROGER
along 93° (blue) and 95°W (red). Latitude and time are shown for
each profile within 60 km of the respective longitudes.

calculation of budgets (Jakoboski et al. 2020). A companion
project, “Modernizing the tropical ocean/atmosphere observ-
ing system,” funded a glider on 95°W where the westernmost
TAO line is located. The full glider network was thus intended
to include five gliders surveying at all times. A total of 3014
glider-days of data were collected, with gliders covering
53463 km over ground and 57 406 km through water in 12 836
dives (Fig. 1).

This observing campaign proved challenging to maintain in
totality, but the occupations on 93° and 95°W were reasonably
well sustained (Fig. 2). On 93°W, 6346 dives were within 60 km
of the desired line, and on 95°W 1831 dives were on the line.
Coverage on 93°W improved over the first year of occupation
during October 2013—-October 2014 until a break at the end of
2014. Another break in coverage over a few months in 2015 was
followed by fully sustained observations during September
2015-October 2016. Sampling on 95°W started later in April
2014 and then followed the same pattern as on 93°W.

The Spray gliders were equipped with a complete suite of
sensors for observing physical processes. The pumped Sea-
Bird CTD was plumbed into a Seapoint fluorometer, sampling
temperature, salinity, pressure, and chlorophyll fluorescence at
8-s intervals during ascent. Two models of ADCP were used
during the experiment. The project started with 750-kHz
Sontek ADPs. Unfortunately, the limited 500-m depth range
of the Sontek was too shallow to escape the strong biofouling
in the euphotic zone of this productive region. We changed to
1-MHz Nortek AD2CPs after the first few missions. The
1000-m capability of the Nortek allowed the glider to profile
deep enough to slow biofouling such that 100-day missions
were achievable.

In typical operation, the Spray gliders profiled from the
surface to 1000 m and back in about 6 h, covering roughly 6 km
in the horizontal during that time. The gradual growth in bio-
fouling increased drag during a mission, lengthening the time
for a dive, and affecting flight especially through increased
angle of attack. ADCP data processing was done as described
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in Todd et al. (2017), including an estimation of increasing
angle of attack. Absolute velocity profiles were calculated by
combining shear from the ADCP with depth-average velocity
estimated using measurements of glider pressure, heading, and
pitch (Rudnick et al. 2018). Measurements from the CTD and
ADCP were averaged in common 10-m depth bins over the
upper 1000 m for each dive, forming the dataset for all subse-
quent calculations.

A well-known feature of all finite-time oceanic surveys, in-
cluding by gliders, is a projection of temporal variability into
spatial variability (Garrett and Munk 1972). Past studies in
midlatitudes have suggested that wavenumber spectra from
gliders were affected by this projection at wavelengths shorter
than about 30 km (Rudnick and Cole 2011). Spectra of east-
ward velocity were calculated on several depth surfaces (Fig. 3)
to see this effect in the ECS where the inertial frequency ap-
proaches zero. As in Rudnick et al. (2017), the spectra were
calculated as functions of frequency (bottom axis of Fig. 3) by
averaging over chunks of data 80 dives (roughly 20 days)
long. The equivalent wavenumber is estimated using the
average speed the glider makes in the meridional direction
of 0.20ms™! (upper axis of Fig. 3). Similar to previous
results, a minimum in the spectra near 0.03 cycles per kilo-
meter suggests that wavelengths shorter than 30 km may be
contaminated by projection of high-frequency variability.
Thus, 30 km is an appropriate length scale for the objective
maps discussed below. The spectrum grows toward high
frequency where variability due to tides and internal waves
exists. The increase toward low frequency may then be
representative of the 20-day variability present in the ECS
(Legeckis 1977).

An analysis goal was to create maps of observed variables as
functions of depth, latitude and time on each of the lines. This
mapping was achieved following methods used to create a
climatology on glider lines in the California Current System
(Rudnick et al. 2017). In particular, mean fields on each line
were calculated by a weighted least squares fit, and objective
maps were calculated on each depth surface as functions of
distance along the line and time. The least squares fit was done
at 0.05° intervals in latitude along each longitudinal line,
using a Gaussian window with an e-folding length scale of
15km. The objective map was performed on anomalies from
the mean fields, calculated on a grid of 0.05° latitude by 10 days.
A Gaussian autocovariance was used in the objective map with
e-folding scales of 30km and 60 days, and an uncorrelated
noise of 0.1 times the signal variance. The e-folding length scale
was motivated by the results of the spectral analysis, as dis-
cussed in the previous paragraph (Fig. 3). The 60-day time scale
provides some additional smoothing given the roughly 25 days
it took to complete a section. The choices of length and time
scales are identical to those in Rudnick et al. (2017), where
additional details on the method can be found. Objective maps
provide a measure of error, and we masked the maps wherever
the ratio of error-to-signal variance was greater than 0.1.
Mapped variables included temperature, salinity, and eastward
and northward velocities. Variables derived from these maps
included density, potential density, and potential temperature.
The maps allowed gradients to be calculated self-consistently
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FI1G. 3. Spectra of eastward velocity at several depths on 93°W.
The spectra are calculated as functions of frequency in cycles per
hour (cph), and the equivalent wavenumber is shown on the upper
axis in cycles per kilometer (cpkm). The 0.9 confidence interval is
indicated by the black cross and whiskers. Note the minimum near
0.03 cph or cpkm.

using centered differences on the grid 10 m in depth by 0.05° in
latitude by 10 days in time, and potential vorticity and Richardson
number to be estimated.

3. Results

The presentation of results starts with a thorough descrip-
tion of the mean fields of potential temperature, salinity, po-
tential density, and eastward and northward velocity. The
derived variables potential vorticity and Richardson number
are examined. Notable results include structure in the mean
gradients at the resolved scales of tens of kilometers in the
horizontal and 10 m in the vertical. We then address the vari-
ability over the 3 years including the establishment and
breakdown of El Niflo conditions. An objective is to describe
the temporal evolution over the 3-yr period as functions of
latitude and depth. Time series indices of temperature, salinity,
eastward velocity, and isopycnal depth are used in a correlation
analysis to address the effects of horizontal and vertical ad-
vection. Finally, distributions of Richardson number are pre-
sented as a function of depth.

a. Mean

The observations on 93°W provide finely spatially resolved
temporal-mean fields. The mean potential temperature (Fig. 4a)
is highly stratified at the surface, especially north of the equator
where a strong meridional gradient exists. Salinity (Fig. 4b)
shows a striking pattern of high values to the south of the
equator at about 70-m depth in a subsurface salinity maximum,
and a near-surface fresh layer to the north of the equator asso-
ciated with freshwater flux under the ITCZ. The mean meridi-
onal gradients of temperature and salinity at the surface are a
manifestation of the oceanic equatorial front. The EUC is the
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FIG. 4. Mean (a) potential temperature and (b) salinity (color
shading) and potential density (black contours) on 93°W.

dominant feature of mean eastward velocity (Fig. 5a), strongest
at roughly 75-m depth at a latitude of about —0.25°. The EUC
is accompanied by a broadening of the potential density con-
tours. Above and especially to the north of the EUC lies the
westward SEC. The strain between these two currents is re-
sponsible for the striking salinity pattern including the warm
freshwater near the surface to the north and the high salinities
penetrating in the EUC. An important feature is the meridi-
onal gradient of salinity in the EUC, with saltier water to the
south. This gradient of salinity across the EUC suggests that
the current derives from distinct water masses further to the
west (e.g., Johnson and McPhaden 1999). The meridional ve-
locity (Fig. 5b) is strongly divergent, with northward flow to
the north of the equator, and southward flow to the south.
This pattern of divergence is strongest in the upper 200 m,
and weakens down to 500m. The implication of this one-
dimensional divergence is that there must be two-dimensional
convergence in the zonal and vertical directions, consistent
with the general anatomy of the subtropical cells (Capotondi
et al. 2005). Slowing of the EUC and upwelling near the
Galédpagos Islands to the east are understood from ocean
models (Eden and Timmermann 2004; Karnauskas et al. 2007).
For a rough notion of the order of magnitude if there were no
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FIG. 5. Mean (a) eastward and (b) northward velocity (color
shading) and potential density (black contours) on 93°W.

zonal convergence, the mean meridional divergence implies
upwelling of about 10 m day ™! at a depth of 500 m. An analysis
of the volume budget using the diagonal tracks connecting
*2°N to the Galdpagos has been done by Jakoboski et al.
(2020), where an upwelling velocity of 8 m day ! was found.

Variance caused by tropical instability waves (TIWs) is a
likely source of error in the mean fields. To evaluate the effects
of TIWs, we assume an independent observation is produced
every 20 days (roughly the time required for a glider to
complete a section) so that we have 36 samples. In our data the
maximum standard deviation in eastward velocity is 0.4ms~!
(found near the top of EUC), consistent with values reported
for TIWs (Jochum and Murtugudde 2006). This yields an
upper-bound estimate of the standard error of the mean of
0.4/v/36 = 0.07ms~'. With this standard error, the major fea-
tures of the ECS are resolved (Fig. 5a).

The strong gradients in the mean velocity and density fields
have striking effects on the dynamical tracer potential vorticity
QO (Gill 1982). The structure of Q is useful to diagnose the
necessary conditions for instability, either through changes in
the sign of Q or changes in the gradient of Q. Given the mean
meridional sections of potential density and velocity, potential
vorticity is estimated as
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where fis the Coriolis parameter, u is eastward velocity, py is
potential density, pg is a reference density, and y and z are
northward and vertical position. The horizontal component of
planetary vorticity is not included as it is negligible relative to
the horizontal component of relative vorticity du/dz. This ap-
proximation of Q neglects eastward gradients of velocity and
potential density. The magnitude of the peak observed east-
ward gradient of mean potential density (between 93° and
95°W) is one-tenth the magnitude of the peak northward gra-
dient of mean potential density, supporting this approximation.
Potential vorticity [Eq. (1)] is defined with a negative sign so
that QO has the same sign as f when velocity is negligible. In
such a state of no flow, O would have the largest magnitudes
where stratification is strongest and would change sign at the
equator. The observed mean Q (Fig. 6a) is indeed positive
north of the equator, and mostly negative to the south. A no-
table exception to this pattern is a region of positive Q above
and to the south of the core of the EUC. This change in
sign satisfies the formal conditions for symmetric instability
(Hoskins 1974), and the many changes in the sign of the gra-
dient of O implies that baroclinic instability is also possible
(Gill 1982). The cause of this region of positive Q in the
Southern Hemisphere is an increase in the term involving
the product of the vertical shear of eastward velocity and the
northward gradient of potential density [Eq. (1)]. To be clear,
this Q of opposite sign to planetary vorticity is caused by the
mean fields of velocity and density. The term involving the
vertical component of relative vorticity mostly serves to sup-
plement planetary vorticity as the EUC is cyclonic on its
northern and southern edges as the current spans the equator
in the mean.

The high mean shear on the lower and upper edges of the
EUC suggest the possibility of strong mixing. To quantify this
potential for mixing, we calculate the Richardson number de-
fined as

8u%} 1)

an

Ri= Niz 2)

au\> | (w\*

_ =+ —_

9z 9z
where v is northward velocity and the buoyancy frequency
squared is

_89p

N? =
P 92

©)
As a state of zero shear leads to infinite Ri, the quantity
tan"'Ri is calculated so that the range of Ri from zero to in-
finity is mapped onto angles from 0° to 90°. The observed
tan”'Ri approaches 45° (Ri = 1) in the high shear regions
above and below the EUC (Fig. 6b). In general, values of Ri
near unity suggest that mixing may be important, although the
intensity of turbulence may depend on additional factors
(Zaron and Moum 2009).

The low values of Ri and likely strong mixing in the EUC are
relevant to the interpretation of Q as a tracer. As with all
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FIG. 6. Mean (a) potential vorticity and (b) the inverse tangent

of the Richardson number (color shading) and potential density
(black contours) on 93°W.

conserved tracers, Q is strictly conserved only when mixing is
negligible. In addition, the very existence of a patch of positive Q
where the planetary vorticity is negative depends on Ri being
low. This can be understood by rewriting the potential vorticity
in terms of the Rossby number Ro, here defined as the vertical
component of relative vorticity divided by the planetary vorticity

o
ay
Ro=—+ “)
f
and the geostrophic Richardson number
2
Ri = N )

& souN?’
g
( 9z )
Here, the geostrophic velocity u, obeys the thermal wind
equation

u E)p
f—t=8% (6)
az = p, 9y
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where g is gravitational acceleration. A further assumption in
Eq. (6) is that the meridional gradient of density may be ap-
proximated by the meridional gradient of potential density,
which is reasonable near the surface as in these observations.
The resulting approximation for potential vorticity is

Qg:%Z(HRo—Ri;). (7)

This expression for Q, makes clear the effect of low
Richardson number to change the sign of potential vortic-
ity. As low Richardson number is also associated with in-
creased mixing, the notion of conserving potential vorticity
deserves scrutiny given the strong observed gradients at the
equator. Finally, we note that the thermal wind as written
in Eq. (6) certainly fails close to the equator, but the shear
is at least partially geostrophically balanced (Lukas and
Firing 1984; Lagerloef et al. 1999), and Eq. (7) is useful to
understand the relationship between Ri and potential
vorticity.

The mean temperature and salinity at 95°W (Fig. 7) show
similar features as at 93°W. The eastward difference in mean
potential temperature is calculated as 6 = 8(93°W) — 6(95°W),
where the subtraction is done on depth surfaces (Fig. 8a). The
upper 100 m is cooler on 93°W, consistent with shoaling of the
thermocline to the east. There is a slight tendency toward
warming near 200 m, indicative of an eastward deepening of
isotherms in this more weakly stratified region. The difference
in salinity between the two sections is calculated on isopycnals
(Fig. 8b). The dominant feature is a freshening toward the east
in the upper north corner of the section where the SEC advects
freshwater westward (Figs. 4b and 5a). This weakening of the
salinity minimum in the westward direction is consistent with a
source of freshwater to the east. This fresh eastward difference
appears at the surface across the sections, coincident with
shallow westward flow at 93°W (Fig. 5a). The mean at 95°W is
computed over 29% as many dives as at 93°W (Fig. 2), so the
eastward differences may be influenced by the different time
periods sampled on the two sections. However, the funda-
mental results of shoaling of the isotherm to the east and
westward advection of freshwater are likely robust (Johnson
et al. 2002).

b. Variability

The observations collected during ROGER fortuitously
allow a description of variability during the 2014-16 El Nifio.
This description begins with the temperature and zonal wind
along the equator and then focuses on the glider observations
at 93°W. The mapped variables are functions of depth, latitude
and time, so they may be examined through slices in any of
these dimensions. Variability is discussed through plots of
vertically averaged variables as functions of time and latitude,
and of meridionally averaged variables as functions of time and
depth. Indices of temperature, isopycnal depth, salinity, and
eastward velocity are created by averaging in depth and lati-
tude, and the resulting time series are used to address vertical
and horizontal advection. Example sections during times of
extrema are examined. Finally, statistical distributions of the
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FIG. 7. Mean (a) potential temperature and (b) salinity (color
shading) and potential density (black contours) on 95°W.

Richardson number are constructed to assess the importance
of mixing as a function of depth.

1) TEMPERATURE AND ZONAL WIND

The temperature and zonal wind along the equator reveal
the evolution of the 2014-16 El Nifio. The temperature aver-
aged over the upper 300m and in the latitude range *=5°N
(Fig. 9a) is from the Roemmich-Gilson Argo climatology
(Roemmich and Gilson 2009). The monthly values of tem-
perature are anomalies relative to the annual cycle from 2004
until 2017. The 10-m zonal wind (Fig. 9b) is from the NCEP-
NCAR reanalysis (Kalnay et al. 1996), with daily values av-
eraged in the latitude range *5°N. The first indication that an
El Niflo was incipient was in late 2013 through early 2014 when
anomalously warm water began to appear in the western
equatorial Pacific (Fig. 9a). This warming was accompanied
by westerly wind bursts in early 2014 in the longitude range
140°-160°W (Fig. 9b). A warm (downwelling) Kelvin wave
swept across the Pacific in early 2014 prompting some forecasts
of an incipient El Nifio (McPhaden 2015). This rapid march
toward an El Nifio slowed in mid-2014, with westerly winds
receding in the western Pacific and a cool (upwelling) Kelvin
wave appearing (Hu and Fedorov 2017). Some of this warm
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and (b) salinity calculated on potential density surfaces. The dif-

ference is calculated as the values at 93°W minus those at 95°W.

water remained, and further warming began again in early
2015. Sustained westerly winds and a series of warm Kelvin
waves throughout 2015 ultimately caused the strongest El Nifio
since 1997/98. At the height of the El Nifio event, temperature
anomalies approached 2.5°C in the vicinity of the Galdpagos
Islands and the site of ROGER observations. As is the case in
much of the tropics, the El Nifio signal is much larger than the
annual cycle, which has an amplitude of less than 1°C averaged
over the upper 300 m of this region (Gasparin and Roemmich
2017). The El Nifio waned in 2016, with a very weak La Nifna
following.

2) VARIABILITY AS FUNCTION OF TIME AND LATITUDE

The evolution of the 2014-16 El Niflo may be examined
through the potential temperature and salinity averaged over
the upper 300 m (Fig. 10). The vertical average shown includes
values in 10-m bins centered between 10 and 300 m. Therefore
the vertical average includes data as shallow as Sm and as
deep as 305m. A reason to consider the upper 300m is for
consistency with the weekly ENSO update prepared by NCEP.
The warming during the first half of 2014 is followed by a rapid

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 08/13/24 07:20 PM UTC

Eastward 10-m Wind

Eastward Velocity (m/s)

140 160 180

-160 -140
Longitude

10
8
6
4
2
0
-2
-4
-6
-8
-10
-120 -100
b
FIG. 9. (a) Temperature anomaly in the upper 300 m and (b)
eastward 10-m wind averaged within the latitude band *5°. The
temperature anomaly is monthly relative to the annual cycle since
the year 2004, derived from the Roemmich-Gilson Argo clima-
tology. The wind is daily from the NCEP-NCAR reanalysis.

cooling in mid-2014. Warming recommences in early 2015 and
remains until spring 2016 spanning the peak of the El Nifio.
Warming extended throughout the observed latitude range of
+2° The end of the El Nifio during 2016 is marked by rapid
cooling. Salinity is distinguished by a series of salty pulses
throughout the record with the first pulse in 2014 concurrent
with the dramatic warming at that time. Later salty pulses in
2015-16 are not all accompanied by warming. The salty pulses
were especially strong south of the equator, with a meridional
gradient of salinity apparent throughout the record. The
equatorial front separates freshwater to the north from salty
water further south; the southward penetration of freshwater
indicates the southward shift of the equatorial front. An es-
pecially fresh event occurred near the change of the calendar
year 2015-16 and was strongest at 2°N. This fresh anomaly has
been noted in Argo data and was attributed to precipitation
and zonal advection (Gasparin and Roemmich 2016). By the
end of the record, the highest salinities are no longer apparent,
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but the cooling in mid-2016 is not accompanied by a similarly
abrupt decrease in salinity. The differences in the temperature
and salinity fields is a central result of these high-resolution
observations.

The zonal and meridional velocity, averaged over the upper
300m (Fig. 11), show the evolution of the EUC during the El
Nifio. The EUC flows eastward throughout the 3 years of ob-
servation, with a series of pulses. Comparing zonal velocity
(Fig. 11a) with temperature (Fig. 10a) suggests that the pulses
in velocity are not coincident with periods of high temperature.
However, the eastward pulses do have a relationship with times
of high salinity (Fig. 10b) south of the equator (Lukas 1986).
The coincidence between salinity and eastward velocity is not
perfect, and velocity leads salinity for some events. If high
salinity is primarily coming from the west, then this leading
eastward velocity is expected. A correlation analysis below
shows that eastward velocity leads salinity by 30 days. The SEC
is characterized by westward flow typically north of 1°N. This
westward flow is present much of the time, although it is
pushed northward during times when the EUC is especially
broad. The tendency for northward velocity (Fig. 11b) north
of the equator, and southward velocity to the south is clear
throughout the record. Thus, the mean meridional divergence
(Fig. 5b) is a fair representation of conditions that are often
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FIG. 11. (a) Eastward and (b) northward velocity averaged in the
range 10-300 m as a function of time and latitude on 93°W.

present, rather than being dominated by a few events. There is
no obvious relationship between variations of northward ve-
locity and any of the other observed variables. In summary, the
persistence of the EUC and meridional divergence is a fun-
damental result, as is the relationship between pulses in east-
ward velocity and salinity.

3) VARIABILITY AS FUNCTION OF TIME AND DEPTH

To examine the structure of the variability as a function of
depth, the potential temperature and salinity are averaged in
the range 2°S-1°N (Fig. 12). This latitude range is chosen as it
spans the EUC in the mean (Fig. 5a), so the resulting fields
should be affected by fluctuations in the EUC. Periods of high
temperature (Fig. 12a) are seen to be coincident with depres-
sions of isopycnals. Thus, the periods of high temperature are
likely caused by downwelling, although this downward motion
may have occurred further upstream to the west rather than by
local processes. That the warm periods are a result of down-
welling may explain why there is no obvious correlation be-
tween pulses in the EUC and high temperatures, as discussed
above. The highest salinities (Fig. 12b) seem to ride near the
25kgm > isopycnal, with fluctuations in the size of this local
maximum throughout the record. The fresh anomaly located
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FIG. 12. (a) Potential temperature and (b) salinity averaged in

the range 2°S-1°N as a function of time and depth on 93°W. Black
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north of the equator at the end of 2015 (Fig. 10b) is seen to be a
surface trapped feature (Fig. 12b). This depth structure of
temporal fluctuations demonstrates that the maxima of tem-
perature are at the surface, while the maxima of salinity are in
the pycnocline.

Zonal velocity is similarly averaged between 2°S and 1°N
(Fig. 13). The EUC is strongest in the pycnocline, often in the
range 24-25kgm >, and the depth of maximum velocity tends
to follow the excursions of the pycnocline. There are a series of
eastward pulses in time which are not obviously related to the
fluctuations in pycnocline depth, although the two strongest
pulses co-occur with isopycnal depressions. The pulses of
eastward velocity (Fig. 13) and salinity (Fig. 12b) are clearly
largest in the pycnocline, supporting the notion that high sa-
linity is advected from the west (Lukas 1986). Even so, the
coincidence between maxima in eastward velocity and salinity
is not perfect. The fresh surface anomaly at the end of 2015
corresponds with a surface westward flow, again suggesting an
advective component to salinity evolution. Taken together,
these results suggest that temperature is strongly affected by
vertical advection, while salinity may depend more on hori-
zontal advection.
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4) TIME SERIES INDICES

To understand the effects of vertical and horizontal advec-
tion on temperature and salinity, indices of temperature, iso-
pycnal depth, salinity and eastward velocity are presented. A
standard index of El Nifio is the oceanic Nifio index (ONTI), the
sea surface temperature in the Nifio-3.4 region (5°N-5°S, 170°-
120°W) filtered with a 3-month running mean (Fig. 14a). For
comparison, all indices to follow are filtered with a 90-day
running mean. First, consider potential temperature averaged
over the upper 300 m and the depth of the 26 kg m > isopycnal,
both averaged between 2°S and 1°N (Fig. 14b). These two in-
dices are highly correlated, with a correlation coefficient of
ren, = 0.95. Taking the isopycnal depth to be a proxy for vertical
displacement, it is reasonable to conclude that temperature is
strongly affected by vertical advection. The highest tempera-
tures observed by the gliders were in mid-2014 and in late 2015
(Fig. 14b), corresponding to maxima in the Argo data (Fig. 9a)
at 95°W. The propagating maxima in the Argo data were
caused by baroclinic Kelvin waves, whose linear temperature
balance involves only vertical advection (Gill 1982). A plau-
sible interpretation is that changes in temperature observed by
gliders at 93°W are due to vertical heaving by propagating
Kelvin waves.

Next consider indices of salinity and eastward velocity.
Salinity is averaged over the upper 300 m and between 2°S
and 1°N, and eastward velocity is integrated over the same
region to yield transport in units of Sverdrups (Sv; 1Sv =
10°m3s™1). These indices have a correlation coefficient
rs, = 0.58 at zero lag, with an even higher rg,30 = 0.83 with
eastward velocity leading salinity by 30 days. This rela-
tionship with eastward velocity leading salinity is apparent
in the extrema of the two indices. Velocity leading salinity is
evidence but not proof that salinity changes are caused by
eastward advection.

The correlation coefficients between temperature and iso-
pycnal depth, and between salinity and eastward velocity are
statistically significant. We evaluate significance through the 95%
confidence interval, conservatively assuming one independent
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FIG. 14. (a) The ONI, (b) potential temperature averaged in the upper 300 m and over the
range 2°S-1°N and the depth of the 26kgm > isopycnal averaged over 2°S-1°N, and
(c) salinity averaged in the upper 300 m and over the range 2°S-1°N and eastward transport
(Sv) in the upper 300 m and between 2°S and 1°N . The ONI is the Nifio-3.4 measure of sea
surface temperature filtered with a 3-month running mean. Accordingly, each of the time
series in (b) and (c) are filtered with a 90-day running mean.

sample every 90 days, consistent with the 90-day running mean
applied to the data. Given our 2 years of data, we thus assume
there to be eight independent samples. The confidence interval
of rg,30 18 0.29-0.97, and of r, is 0.76-0.99, indicating that both
correlation coefficients are statistically significant. The 95%
confidence interval of rg, overlaps with zero, but rg, is formally
significant at the 86% level. None of the correlation coeffi-
cients between other pairs of indices in Fig. 14 are statistically
significant.

5) SECTIONS DURING TIMES OF EXTREMA

A central result is that temperature and pycnocline depth
are correlated, as are salinity and eastward velocity, but that
these pairs are not correlated with each other. An examination
of sections during times of extrema in these variables is useful.
The analysis above showed that periods of anomalous warmth
coincide with a deep pycnocline, while cool periods occur when
the pycnocline is shallow; perhaps an obvious correlation. Less
plainly obvious is a correlation between salinity and eastward
velocity such that a strong EUC accompanies high salinity
while weak eastward flow corresponds to fresh periods. Times
of warm, deep pycnoclines (left column, Fig. 15) occur near the
beginning of the El Nifio and at its peak. During April 2014 this
warmth is accompanied by a strong EUC and salty conditions,
while in December 2015 the EUC is weak and the water is
fresh. Periods of cool, shallow pycnoclines (right column,
Fig. 15) occur during the waning of the El Nifio and before the
ElNifio. The EUC s strong with salty water in June 2016, while
the EUC is relatively weak and fresh during December 2013.
Times of weak EUC (bottom row, Fig. 15) also have a strong
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SEC extending southward and bringing relatively freshwater,
while a strong, wide EUC tends to push the SEC northward. These
combinations of extrema emphasize that temperature and salinity
have different drivers in this region of the equatorial Pacific.

6) DISTRIBUTION OF RICHARDSON NUMBER

The regions of strong shear at the top and bottom of the
EUC lead to low Richardson numbers, and possibly important
mixing. The Richardson number is low even when calculated
from the mean density and velocity fields (Fig. 6b), similar to
the frequently near-critical values (Ri = 1/4) observed at
140°W above the EUC (Moum et al. 2009). Because shear can
be intermittent, maps of Ri are difficult to interpret, and we
instead calculate the probability density function of tan™'Ri
as a function of depth (Fig. 16). Shear and buoyancy frequency
[Egs. (2) and (3)] are calculated from the raw data binned at
10-m intervals using a centered difference to estimate the
vertical derivatives. The resulting profiles of Ri are then used to
create probability density functions of tan™'Ri at 10-m inter-
vals in the upper 200 m. The shallowest depth analyzed, at 10 m,
has a mode between 15° and 35° where Ri ranges between 0.3
and 0.6. This low Ri is caused by low stratification in the mixed
layer and high shear at the top of the EUC. Strong mixing in
this region is understood. At all depths below 10 m, the mode
of tan"'Ri is at 90°. However, a second region of high shear
occurs at the base of the EUC near 100-m depth. Values of
tan” 'Ri near 45° are more likely in this region, indicating a Ri
near unity. The increased likelihood of low Ri at these depths
near 100 m can also be seen in Fig. 16 by the reduction of the
mode at 90° near 100 m. This deep region of strong mixing is a
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FIG. 15. (a),(c),(e),(g) Sections of potential temperature (color shading) and potential density (black contours)
and (b),(d),(f),(h) eastward velocity (color shading) and salinity (black contours). The date of each section is
written in the lower left-hand corner of the potential temperature section. Shown are all possible extremes of these
pairs of correlated variables. Warm temperature and deep pycnocline is in the right column, with cool and shallow
in the left column. Strong eastward flow and salty is in the upper row, with weak flow and fresh in the lower row.

unique feature of the EUC, with effects that may be relevant
to equatorial circulation.

4. Discussion

The mean fields derived from the glider data are distin-
guished by their fine horizontal resolution. The ability to
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sustain fine spatial resolution is a unique feature of observa-
tions by underwater gliders and is the fundamental advance
relative to the seminal work of Johnson et al. (2002). Notable
features in the mean are strong spatial gradients within the
EUC, the equatorial front at the surface, and the strong gra-
dient in salinity across the EUC. The means are calculated over
all data within 60 km of the desired longitude, so that roughly
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FIG. 16. The probability density function (pdf) of the inverse
tangent of the Richardson number, calculated at depth intervals of
10 m, in the upper 200 m. The pdf is calculated in bins of 5° width
between 0° and 90°, and is normalized so that the integral of the pdf
is equal to one.

2 years of data over a span of 3 years contributed to the cal-
culation. That these features survived the calculation of the
mean is a testament to their persistence. With a peak eastward
velocity of about 0.5ms™! in the mean even with a strong El
Nifio occurring, these glider observations of the EUC corrob-
orate earlier findings that global, coupled general circula-
tion models associated with phase 3 of the Coupled Model
Intercomparison Project (CMIP3) severely underestimate the
mean EUC at 93°W (peak value 0.2ms ') (Karnauskas et al.
2012). A more recent analysis of models through CMIP6
also finds model biases in eastward velocity, shear, and
stratification (Karnauskas et al. 2020). The relevance of the
aforementioned sharp gradients is examined through their
effect on potential vorticity Q and Richardson number Ri.
The term in the expression for Q involving the vertical shear
of eastward velocity is large enough to make the sign of Q
opposite to that of the planetary vorticity, especially on the
upper southern flank of the EUC. Ri is remarkably low in
the mean, underscoring the importance of mixing in the
ECS, even at low frequency.

Variability during the 3-yr period October 2013—-October
2016 is dominated by the 2014-16 El Nifio. Literature on this
event is growing (Gasparin and Roemmich 2016; Levine and
McPhaden 2016; Chen et al. 2017; L’Heureux et al. 2017;
Santoso et al. 2017, 2019; Schonau et al. 2019), and our con-
tribution is notable mainly because of its fine meridional res-
olution in a strongly affected region—one that is also critical to
large-scale ocean—atmosphere coupling a la Bjerknes (1966).
The arrival of a downwelling Kelvin wave is apparent in early
2014, as is the subsequent shoaling of the thermocline. There
are a series of eastward pulses in the EUC, although they are
not related to the arrival of the depressed thermocline. Thus,
there is no obvious relationship between the warming charac-
teristic of an El Nifio and the strength the EUC on time scales
of a few months (Figs. 14 and 15). A notable feature is a fresh
anomaly north of the equator during the height of the El Nifio
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event, possibly related to freshwater flux and advection by a
strengthening of the westward SEC.

The concurrent observations of temperature, salinity, and
velocity allow discussion of the balances of volume, heat, and
salt. Meridional, zonal, and vertical advective terms contribute
differently during each ENSO event (Abelldn et al. 2018).
Persistent divergence throughout the observational period is
evident in the mean, and is addressed further using these data
in Jakoboski et al. (2020). The heat balance is strongly affected
by vertical advection as evidenced by the correlation between
temperature and isopycnal displacement (Fig. 14b). This ver-
tical advection is consistent with eastward propagating Kelvin
waves seen in Argo data (Fig. 9a). Further, temperature and
zonal velocity are uncorrelated suggesting that eastward ad-
vection is relatively less important in the heat balance. In
contrast, salinity is correlated with eastward velocity, consis-
tent with a source of high salinity in the western Pacific and
supporting the importance of eastward advection in the salt
balance. There is a similarity between these features of the
kinematic balances at the equator and those in eastern
boundary regions also affected by El Nifio. In particular, the
depression of the thermocline, and the arrival of salty water of
tropical origin has been noted off California (Lynn and Bograd
2002; Rudnick et al. 2017; Zaba et al. 2020). In the grandest
interpretation, El Nifios exist in a waveguide stretching across
the equatorial Pacific and into the eastern boundaries ex-
tending along the coasts of the Americas (Johnson and Obrien
1990). To some degree this interpretation is supported by the
arrival of properties downstream along the waveguide, al-
though the leakiness of the waveguide must be acknowledged,
especially along the coasts.

An appropriate next step is a quantification of the heat and
salt budgets using these data. As has been implemented with
sustained glider observations off California, an effective ap-
proach is to assimilate the data into an ocean state estimate
(Todd et al. 2011, 2012; Zaba et al. 2018, 2020). The ROGER
data have already been used in a regional assimilating model
(Verdy et al. 2017), and an intention is to pursue an examina-
tion of the budgets using a similar approach.

A central result is the presence of low Richardson numbers
at the top and bottom of the EUC. The effect of mixing is thus
fundamental to quantifying changes of heat and salt. The im-
portance of equatorial mixing is well established, especially by
observations from ships and the TAO moorings (Moum et al.
2009, 1992; Perlin and Moum 2012; Lien et al. 1995; Warner
and Moum 2019). The deep region of low Ri documented here
has been observed previously. For example, Smyth and Moum
(2002) show Ri of order one at 180-m depth, 0°N, 140°W from
an average of profiles over 5 days. Modeling in Smyth and
Moum (2002) suggests that mixing processes at this depth af-
fect the EUC (see also Wang and Muller 2002). The annual
cycle of Ri has been calculated using data from the TAO
mooring at 0°N, 140°W (Smyth and Moum 2013; Liu et al. 2016;
Pham et al. 2017), showing a region of low Ri near the bottom
edge of the EUC. In comparison to the ROGER observations
at 93°W, the EUC s deeper at 140°W by roughly 20 m (Johnson
et al. 2002), so the region of low Ri is deeper at 140°W. The
precise values of Ri depend on the methods used to calculate
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vertical gradients and to average, with each study using a dif-
ferent method, but the finding of values near one is robust. The
ROGER observations are unique in sustaining observations of
shear and stratification in a highly resolved section over a pe-
riod of a few years. The meridional extent of the low Ri region
(Fig. 6b) is a new result, to our knowledge. The finding of low
Ri from the mean shear and stratification is important, as this
mean predisposes the location to even lower shear caused by
transient mixing events.

This study was conceived as a sustained 2-yr occupation of
93°W to resolve the equatorial current system west of the
Galdpagos, and the upwelling and bifurcation of the EUC
around the islands. This was motivated in part by a desire to
understand the ocean dynamics leading to such a unique,
thriving marine and terrestrial ecosystem of the Galdpagos
(Karnauskas et al. 2015). To be clear, there was no expectation
that the measurements would include an El Nifio, much less the
strongest such event since 1997-98. Given operational chal-
lenges, the goal of 2 years of observations on 93°W was
achieved, although spread out over 3 years. We fell short of an
intention of resolving tropical instability waves (TIWs), which
would have required a section every 10 days for a sufficiently
high Nyquist frequency. TIWs are certainly part of the vari-
ability shown in Figs. 10-13, but the El Nifo signal dominates,
and the 60-day time scale in our map serves to reduce the ef-
fects of TIWs.

Given the diversity of El Nifios (Capotondi et al. 2015) it is
difficult to say how representative our observations may be of
typical conditions. The 110°W section is the nearest on which
Johnson et al. (2002) report results distinguished by El Nifio
and La Nifia conditions, where currents during El Niflo are
found to be weaker. The eastward transports reported here
(across 2°S—1°N in the upper 300 m) range from —0.5 to 20.0 Sv
with a mean of 8.3 Sv (Fig. 14) during a period mostly consid-
ered to be an El Niflo as measured by the ONI. This range of
transports greatly exceeds the difference between El Nifio and
La Nifla conditions reported in Johnson et al. A detailed
comparison between our observations and those of Johnson
et al. is probably not warranted. For example, Johnson et al.
had a total of 12 sections on 110°W between the years 1991 and
2001. ROGER gliders crossed the equator over 50 times along
93°W during a period of 3 years spanning 2013-16. Perhaps the
best way to summarize ROGER results is to say that they
emphasize the diversity of conditions during a single El Nifio.

5. Conclusions

In conclusion, we have presented highly resolved means
and variability of temperature, salinity, and velocity along a
section across the equator during the 2014-16 El Nifio. To our
knowledge, this study comprises the most extensive underwa-
ter glider observations ever collected at the equator, much less
during a strong El Nifio event. Work continues on this dataset,
with further possibilities including a study on potential vor-
ticity, analysis of the heat and salt budgets using numerical
assimilating state estimates, and an examination of geostrophy
close to the equator. The mean potential vorticity and
Richardson number suggest the importance of baroclinic,
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symmetric, and vertical shear instabilities. A focused study
on these instabilities may be worthwhile. The use of au-
tonomous profilers, like gliders or floats, equipped with
microstructure sensors in the equatorial region could be an
important step forward. To refer back to the essential work
of Johnson et al. (2002), we consider the possibility that
meridional glider lines could be sustained across the equa-
torial Pacific. Much of the economy of gliders comes from
using small boats launched from land to service the lines, so
all the lines considered by Johnson et al. (2002) could not
realistically be sustained. However, many lines could rea-
sonably be occupied near land, like these off the Galdpagos,
and in the low latitude boundary currents of the western
Pacific (Davis et al. 2012; Schonau and Rudnick 2017). A
future with more autonomous observation in tropical re-
gions is a real possibility.
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