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A B S T R A C T

Motivated by observations of fine scale vertical shear and its contribution to mixing in the tropical ocean, this
study explores the impact of vertical resolution in an ocean model on sea surface temperature in the tropical
Pacific Ocean. We conduct two model experiments that differ in the vertical discretization only, with the grid
spacing in one being significantly smaller than the other in the upper ocean. We examine the temperature
difference between the high and low vertical resolution experiments. We find that the difference in the upper-
most layer is positive in the equatorial cold tongue and negative along the South American coast, thus reducing
the commonly seen cool and warm biases in the two regions, respectively. The change in the structure of the
vertical diffusivity, as determined by the K-profile parameterization, is identified as the primary cause in
reducing the biases. In the central equatorial Pacific, the change in the vertical diffusivity from low to high
vertical resolution in the upper pycnocline results in a positive temperature difference that propagates eastward
as an equatorial Kelvin wave, rising to the sea surface in the central and eastern regions to increase the sea
surface temperature there. In the far eastern equatorial Pacific, the change in the vertical diffusivity in the
lower pycnocline produces a negative temperature difference that propagates poleward as coastal Kelvin waves
along the west coast of the American continent, outcropping along the South American coast to reduce the sea
surface temperature there. The high vertical resolution experiment captures much of the small-scale vertical
velocity shear and resolves the fine details of the stratification in the upper ocean. Our analysis suggests that
the shear-generated turbulence is the primary contributor to the change in the vertical diffusivity in the central
region whereas stratification is the dominant factor in the far eastern region.
. Introduction

Sea surface temperature (SST), the principal communicator of the
cean with the atmosphere, plays a very important role in the tropical
acific. Yet, many ocean models and coupled atmosphere-ocean models
ften have difficulties in correctly reproducing its observed character-
stics. The cool bias of the cold tongue in the eastern equatorial Pacific
nd the warm bias off the South American coast are two such examples.

The cool bias of the cold tongue is generally associated with too
ntense easterly trade winds in the western and central Pacific. It
s difficult to determine the root cause of this bias because of the
omplex feedback mechanisms of the atmosphere-ocean system, but
here have been many studies that try. For example, Vannière et al.
2014) investigated SST biases in the tropical Pacific with a multi-
ude of simulations using ocean-only, atmosphere-only and coupled
tmosphere-ocean models. They suggested that a cool bias in the sub-
ropical regions could give rise to a cool bias in the equatorial cold
ongue transmitted through advection by the subtropical cells (STCs,
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McCreary and Lu, 1994) and propagation by ocean waves. This mech-
anism is supported by the analysis of Burls et al. (2017) using output
from climate models that participate in the Coupled Model Intercom-
parison Project Phase 5 (CMIP5). They found a high correlation in SST
between the equatorial zone and the extra-tropical subduction regions
across the CMIP5 models, and a link between positive cloud albedo bias
(thus reduced shortwave radiation into the ocean) and negative SST
bias in extra-tropical regions. Li and Xie (2012, 2014), by comparing
CMIP5 and CMIP3 models with their corresponding atmosphere-only
models, came to a similar conclusion that a high cloud coverage in the
atmospheric models is correlated to a cool bias in the mean SST across
all tropical oceans. Additionally, Li and Xie (2012, 2014) suggested
that a shallow thermocline in the upwelling region of the equatorial
Pacific in the ocean components of the coupled models is the cause
of a cool bias in the cold tongue, and through the Bjerknes (1969)
feedback mechanism, a positive bias in the easterly winds arises as a
result. The basis for this conclusion is that the wind bias does not exist
in atmosphere-only models forced with observed SST.
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Fig. 1. (a) Temperature (◦C) of the upper-most layer (taken as SST) in the low vertical resolution experiment, (b) the difference between (a) and SST from the ECMWF Interim,
nd (c) SST difference between the high and low vertical resolution experiments, all averaged over 40 years (1979–2018).
Causes of the warm bias off the South American coast have been
nvestigated by a number of studies as summarized in Zuidema et al.
2016), identifying inadequacies in the representation of low-level
louds, convection, and winds in the atmospheric component, and
hermocline structure in the ocean component, among others. It is also
ecognized that model resolution in both the atmosphere and ocean is
ften a limiting factor in resolving the relevant processes in the climate
odels currently in use.

The message is clear from the studies mentioned above and many
ore that SST biases originate in both the ocean and the atmosphere

omponents of a coupled model; an error in one component can lead
o errors in the other; and these errors may be amplified through the
trong coupling between the atmosphere and ocean.

Ocean mixing plays an important role in modulating the tem-
erature in the upper ocean. Observational studies show that ocean
ixing exerts strong controls on the seasonal cycle of SST (Moum

t al., 2013) and is actively involved in the phase transitions of the El
iño-Southern Oscillation (ENSO; Warner and Moum, 2019) at 140◦W,
quator. In ocean models, equatorial Pacific SST is highly sensitive to
he specification of vertical mixing (e.g. Jochum, 2009; Richards et al.,
009; Zhu and Zhang, 2018, 2019). Along the equatorial Pacific, the
pplication of a low background vertical diffusivity, a parameterization
2

of ocean mixing by unresolved processes, usually leads to a warmer
cold tongue, through the sharpening of the thermocline. Meehl et al.
(2001) showed that models with a colder than observed temperature
in the upper ocean tend to have a too shallow thermocline even
though they may produce the observed thermocline intensity (and El
Niño amplitude) at low vertical diffusivity. Naturally, an important
prerequisite to reducing SST bias must be a realistic thermocline struc-
ture, both its thickness and its depth. Jia et al. (2015) undertook a
systematic study of the impact of vertical diffusivity on the temperature
structure of the equatorial Pacific Ocean. They found that the depth
and the thickness of the equatorial pycnocline (thermocline) can be
altered by varying the vertical diffusivity with depth. With ocean-
only model experiments, Sasaki et al. (2012) demonstrated that an
enhancement of the background vertical diffusivity within and above
the thermocline both sharpens and deepens the thermocline, and the
cool bias of the cold tongue is reduced as a result. This effect is
amplified in a coupled atmosphere-ocean model (Sasaki et al., 2013)
through the Bjerknes feedback and SST-shortwave flux feedback (Klein
and Hartmann, 1993).

The modeling studies by Sasaki et al. (2012, 2013) were motivated
by measurements taken in the western equatorial Pacific (Richards
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Fig. 2. Annual-mean SST difference (◦C) between the high and low vertical resolution experiments along the equator (1◦S-1◦N average).
d
v
c
t
a
t
c
r

W
c
i
v
c

2

g
t
u
u
P

t al., 2012, 2015). Vertical velocity shear was observed to be domi-
ated by flow features with small vertical scales (∼20–50 m), contribut-
ng to an increase in vertical mixing within and above the thermocline.
n the eastern equatorial Pacific (the cold tongue region), enhanced
ixing in the thermocline has also been observed. From Argo float

nd the Tropical Ocean and Atmosphere (TAO) mooring measurements,
iu et al. (2016, 2019b) identified numerous mixing events in the
hermocline and attributed them to low Richardson numbers resulting
rom shear associated with Tropical Instability waves (TIWs) and the
quatorial undercurrent (EUC). Furthermore, Liu et al. (2019a, 2020)
ound small vertical scale (10–50 m) shear induced by the interaction
etween the equatorial current system and equatorial waves of different
ynamic types and multiple time scales in the upper thermocline.
nergetic motions with a vertical wavelength of 40 m, referred to as
‘‘shear wave’’, was reported by Peters et al. (1991) from observations

aken on and off the equator along 140◦W in April 1987 during the
econd cruise of the Tropic Heat program.

The large impact on the climate system shown by Sasaki et al.
2013) from a simple parameterization of vertical diffusivity warrants a
urther investigation into the characteristics of vertical mixing along the
hole extent of the equatorial Pacific, in particular, the contribution

rom shear at different vertical length scales. In this study, we address
his issue by conducting numerical experiments with an ocean model
t two vertical resolutions, one that is comparable with those in many
cean models currently in use, and the other that is significantly finer
n the upper ocean. Through the use of a Richardson number based

cheme and by specifying a low background value for the vertical

3

iffusivity, the contribution to mixing from resolved shear at different
ertical resolutions of the model experiments can then be compared and
ontrasted. The present research may be considered as an extension of
he two-part study by Furue et al. (2015) and Jia et al. (2015). We
pply the analysis method developed in Furue et al. (2015) to examine
he difference in temperature structure, and relate the difference to the
hange in the mixing structure resulting from an increase in vertical
esolution based on the key findings of the two-part study.

The details of our experimental design are described in Section 2.
e present our results in Section 3, making connections among the

hanges in SST, subsurface temperature, vertical mixing structure, strat-
fication, and vertical velocity shear, as a result of an increase in
ertical resolution. We summarize and discuss our results and provide
oncluding remarks in Section 4.

. Experimental design

We use a version of the Massachusetts Institute of Technology
eneral circulation model (MITgcm; Marshall et al., 1997), which solves
he incompressible Navier–Stokes equations discretized into finite vol-
mes on a sphere. The model configuration is an adaptation of that
sed by Furue et al. (2015) and Jia et al. (2015) for the tropical
acific with minor modifications. The meridional extent of 26◦S–30◦N

is maintained while the western boundary of the domain is extended
westward to 32◦E to include the tropical Indian Ocean for studies in
the Maritime Continent region and the Bay of Bengal. Ocean depth is

derived from the ETOPO2 database (http://www.ngdc.noaa.gov/mgg/

http://www.ngdc.noaa.gov/mgg/global/etopo2.html
http://www.ngdc.noaa.gov/mgg/global/etopo2.html
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Fig. 3. Temperature anomaly (𝛿𝑇 , ◦C, color), and its dynamic (𝛿′𝑇 ) and spiciness (𝛿′′𝑇 ) components, averaged over the first two years (1979–1980) along the equator (1◦S-1◦N
average) and 140◦W, overlaid with potential density (𝜎𝜃) contours from the low vertical resolution experiment (black) and the high vertical resolution experiment (green). Light
grey shading near the surface indicates regions where there are no matching density surfaces between the two experiments for decomposition.
global/etopo2.html), with the continental boundaries determined by
the 10-m bottom contour. The model grid has a constant resolution
of 1/3◦ in both the zonal and meridional directions. In the vertical
direction, two schemes of discretization are used: one with 51 layers
and the other 187 layers. The former has thicknesses ranging from 5
m in the upper 20 m to 510 m near the bottom, and the latter from
3 m throughout the upper 402 m to 510 m for the deepest layer. For
simplicity, we shall refer to the two schemes as low and high resolutions
even though the low resolution is comparable to those in many ocean
models presently in use (e.g. Griffies et al., 2009). The increase from
low to high resolutions is modest near the surface but is significant in
the pycnocline and below. For example, the layer thickness in the depth
range of 50–400 m varies from 10 to 30 m with an average around 21
m in the low resolution, in contrast to a constant of 3 m in the high
resolution.

Subgrid-scale horizontal mixing is parameterized by bi-harmonic
operators with constant coefficients of 3 × 1011 m4 s−1 for viscosity
and 2 × 1010 m4 s−1 for tracer diffusion. Vertical mixing is specified
with the K-profile parameterization (KPP) of Large et al. (1994) in
which the background coefficients are set to 1 × 10−6 m2 s−1 for
both viscosity and diffusivity. In the stratified ocean interior below
the surface boundary layer, the background coefficients in KPP as
implemented in the MITgcm represent the part of mixing from unre-
solved internal wave activities. Additionally, two more contributions
are included in the ocean interior, one from convective events when
4

the stratification becomes unstable (𝑁2 < 0 where N is the Brunt-
Väisälä frequency), and another from resolved vertical shear when the
local gradient Richardson number, Ri, is smaller than a predefined
critical value (0.3 in our experiments). The maximum values for the
coefficients are set to 1 × 10−1 and 5 × 10−3 m2 s−1 for the convective
and shear components, respectively. Effect of double diffusion is not
included.

The model uses the bulk formulae of Large and Pond (1981, 1982)
to compute the turbulent fluxes of momentum, heat and fresh water
at the ocean surface. The necessary atmospheric variables come from
the European Center for Medium Range Weather Forecasts (ECMWF)
Interim reanalysis (Dee et al., 2011) at a resolution of 1.0◦. The
wind components at 10 m are at 6-hourly frequency. Other variables,
including radiative heat fluxes (net shortwave and downward long-
wave), air temperature at 2 m, specific humidity at 1000 millibar and
precipitation, are averaged to daily values. Using these 6-hourly and
daily fields from the period of 1 January 1979 to 31 December 2016, we
generate a monthly climatology for our spin-up experiment (see below).
We also make use of SST from the same database for comparison with
model SST (Section 3.1).

For the open boundaries at 26◦S and 30◦N, model variables (tem-
perature, salinity and horizontal components of velocity) are defined
by a monthly climatology generated from the German partner of the
consortium for Estimating the Circulation and Climate of the Ocean
(GECCO) reanalysis (Köhl et al., 2007; Köhl and Stammer, 2008). Along
each of the boundaries, a buffer zone of 3◦ in width (or 9 grid intervals)

http://www.ngdc.noaa.gov/mgg/global/etopo2.html
http://www.ngdc.noaa.gov/mgg/global/etopo2.html
http://www.ngdc.noaa.gov/mgg/global/etopo2.html
http://www.ngdc.noaa.gov/mgg/global/etopo2.html


Y. Jia, K.J. Richards and H. Annamalai Ocean Modelling 157 (2021) 101722

i
r
c

Fig. 4. Components of temperature anomaly (◦C) averaged over the first two years (1979–1980) on representative potential density surfaces.
is applied for model variables to transition from the GECCO values at
the boundary to that of the interior by way of restoring with time scales
varying from 1 day to 20 days. This is the same procedure as that used
by Furue et al. (2015) and Jia et al. (2015) for the tropical Pacific
except that there is no longer the need for an open meridional boundary
in the Indian Ocean with the westward extension of the domain.

The model is initialized with the climatological January state of
GECCO reanalysis, and a spin-up integration of 40 years is performed at
low vertical resolution forced at surface with the monthly climatology
of ECMWF Interim. The end state of the spin-up experiment is then used
to initialize two experiments at low and high vertical resolutions. While
the low vertical resolution experiment can simply continue from the
end state of the spin-up, vertical interpolation of the spin-up variables
and GECCO variables is needed for initialization and open boundary
conditions for the high vertical resolution experiment. We apply a
linear scheme for the interpolation. Both the experiments are integrated
for 40 years forced at the surface with the 6-hourly and daily ECMWF
Interim variables for the period of 1979–2018.

We examine the effects of increased vertical resolution on ocean
temperature by taking the difference between the two experiments
using the low resolution as reference. As in Furue et al. (2015), this
temperature difference, also referred to as temperature anomaly, 𝛿𝑇 ,
s separated into dynamical and spiciness components, 𝛿′𝑇 and 𝛿′′𝑇 ,
espectively. Below the directly forced ocean surface layer, the two
omponents have distinct properties. 𝛿′𝑇 is generated by a pressure

anomaly associated with the vertical displacement of density surfaces
and is propagated by ocean waves. 𝛿′′𝑇 is always accompanied by a
5

compensating salinity anomaly in such a way that they do not result
in a change in density and is advected like a passive tracer by ocean
flows. A detailed description on the precise definitions, calculation
methods and physical properties of the two components can be found in
Appendix A of Furue et al. (2015), and an illustration of their pathways
in the tropical Pacific is shown in their Fig. 10.

3. Results

In this section, we show that the increase in vertical resolution in
our model experiments does indeed reduce the cool SST bias in the
equatorial cold tongue (Section 3.1) through warming in the upper
pycnocline (Section 3.2) as the result of a change in the vertical mixing
structure (Section 3.3) in the central region. Additionally, in the far
eastern region, a change in the vertical mixing structure produces
cooling in the lower pycnocline that reduces the warm SST bias along
the South American coast. The increased vertical resolution captures
the small-scale vertical velocity shear and resolves the fine details of
the stratification in the upper ocean (Section 3.4), contributing to the
changes in the vertical mixing structure.

3.1. SST

Our reference (the low vertical resolution) experiment is essentially
the same as the control run used by Furue et al. (2015) in which
a comparison was made between modeled and observed fields along
160◦W (see their Fig. 2). The annual mean zonal component of velocity,
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Fig. 5. Annual-mean temperature anomaly (◦C) and its components along the equator (1◦S-1◦N average) for 2015 and 2016.
salinity and potential density were found to agree well in their large-
scale features. These conclusions apply to our reference experiment as
well. Since SST is the primary focus of this study, we show in Fig. 1(a)
the temperature of the upper most layer (taken as SST) in the reference
experiment, (b) the SST bias in the reference experiment relative to
the ECMWF Interim (observation-based estimates), and (c) the SST
difference between the high and low vertical resolution experiments,
all averaged over 40 years (1979–2018). The large-scale features of the
tropical Pacific SST are well reproduced in the reference experiment
(Fig. 1a), including the warm pool in the west, the equatorial cold
tongue in the east, and the contrast of warm and cool surface waters
to the north and south of the equator off the west coast of the Amer-
ican continent. When compared with the ECMWF Interim, we see the
familiar biases that commonly occur in ocean models as discussed in
the introduction: a basin wide cool bias, most pronounced in the equa-
torial cold tongue and the subtropical regions (15-20◦S and 20-30◦N,
he latter is not shown), and an intense warm bias along the South
merican coast (Fig. 1b). The cool bias reaching 0.6◦C on the equator
ear 130◦W, and the warm bias just over 1◦C off the South American
oast are within the ranges of those seen in ocean models (e.g. Griffies
t al., 2009) and coupled atmosphere-ocean models (e.g. Burls et al.,
017).

The increase in vertical resolution alleviates the general cool bias of
he domain and the warm bias along the South American coast (Fig. 1c).
ne of the notable effects from the increase in the model’s vertical

esolution is the equatorial warming in excess of 0.3◦C, correcting
bout 50% of the cold tongue bias. There is a considerable interannual
6

variability that is closely correlated with the phases of ENSO as shown
in Fig. 2. During strong El Niño events (e.g. 1982–83, 1987–88, 1991–
92, and 2015–16), warming in the eastern equatorial Pacific is much
enhanced in the developing phase followed by increased cooling in the
recovering phase. An exception is the 1997–98 event when the warming
is only modestly enhanced but the actual event is strong in the model
solutions. Fig. 2 also shows that increased cooling tends to occur during
La Niña events (e.g. 1988–89, 1999–2000, and 2010–11).

Comparing (b) and (c) of Fig. 1, we see that the increase in vertical
resolution also increases existing biases, specifically the warm bias to
the east of the Galapagos Islands (near 90◦W, equator), and the cool
bias at the Costa Rica dome (near 90◦W, 10◦N). In Section 3.3, we show
that the equatorial warming and the coastal cooling off the equator seen
in Fig. 1c share the same cause — a change in the vertical mixing
structure.

3.2. Subsurface temperature

Fig. 3 displays the temperature difference between the high and low
vertical resolution experiments (𝛿𝑇 ) and its components averaged over
the first two years (1979–1980) along the equator (1◦S-1◦N average)
and 140◦W, overlaid with potential density contours from the reference
experiment (black) and the high vertical resolution experiment (green).
Here we choose a time average of two years to allow the effects of
change in vertical resolution to develop (see Fig. 2). At this initial
phase, much of the difference happens within 10◦ of the equator.

Along the equator (Fig. 3, left), there is a layered distribution of

positive, negative and positive anomalies in the upper, lower and below
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Fig. 6. Various fields in the 1-d diffusion equation along the equator (1◦S-1◦N average) evaluated using the low vertical resolution experiment as reference and the difference in
vertical diffusivity between the two experiments, overlaid with 𝜎𝜃 contours (black) from the reference experiment. The fields are averages over the first two years (1979–1980).
The black curve in the upper-left panel with no labels indicates the maximum surface boundary layer depth in the ranges of 1◦S-1◦N and 1979–1980. Units: m2 s−1 for 𝜅0, 1 × 10−6

m2 s−1 for 𝛿𝜅, 1 × 10−3 ◦C m−2 for 𝑇0𝑧𝑧, and ◦C for temperature anomalies.
the pycnocline, respectively. This pattern comes primarily from the
dynamical component (𝛿′𝑇 ). The shift of the green contours towards
the middle of the pycnocline (approximated by the 24.5 𝜎𝜃) relative
to the black contours suggests a tightening of the pycnocline in the
high vertical resolution experiment. Consistent with its definition, 𝛿′𝑇
attains positive and negative signs in the upper and lower parts of
the pycnocline, respectively. The deeper positive 𝛿′𝑇 results from the
deepening of the 26.5 𝜎𝜃 . The spiciness component (𝛿′′𝑇 ) is positive
in the pycnocline and weakly negative below. The upper pycnocline
rises to the surface in the central and eastern regions, bringing positive
anomaly from both the components to increase SST there.

Along 140◦W, it appears that the positive-negative-positive layers
of 𝛿′𝑇 on the equator are bordered by stronger anomalies just off the
equator (Fig. 3, middle-right). Maps of 𝛿′𝑇 on representative density
surfaces (Fig. 4, left panels) show that this is likely the case for the
two positive anomalies (23.5 and 26.5 𝜎𝜃). For the negative anomaly
(25.5 𝜎𝜃), off-equatorial influence is evident. As discussed in Furue
et al. (2015), the dynamical anomaly generated in the off-equatorial
regions propagates westward as Rossby waves, then equatorward as
coastal Kelvin waves, and then eastward along the equator as equatorial
Kelvin waves. The extension of the weaker negative 𝛿′𝑇 from the
western boundary on 25.5 𝜎𝜃 suggests a stronger background negative
𝛿′𝑇 modified by a positive 𝛿′𝑇 coming from the western boundary.
There is plenty of positive 𝛿′𝑇 on this density surface that converges at
the western boundary and enters the equatorial waveguide. Anomalies
in the off-equatorial regions enter the equatorial waveguide on other
7

density surfaces too. As will be discussed later (last paragraphs of this
and next sections), 𝛿′𝑇 in the western equatorial region on 23.5 𝜎𝜃
experiences large changes during the time period of the experiments, as
a result of influences from the off-equatorial regions. For the 26.5 𝜎𝜃 , on
the other hand, the positive 𝛿′𝑇 along the equator is locally generated
and appears to withstand negative influences from the west.

Within the pycnocline, the spiciness anomaly (𝛿′′𝑇 ) along the equa-
tor is advected eastward in the EUC (Fig. 3, lower-left). The spiciness
anomaly in the off-equatorial regions can also reach the equator fol-
lowing the subsurface branches of the STCs. The precise advective
pathways differ in the two hemispheres as shown in (Furue et al., 2015,
their Fig. 10). For example, the positive 𝛿′′𝑇 on 25.5 𝜎𝜃 (Fig. 4, middle-
right) in the southern hemisphere can reach the EUC either directly
in the middle of the ocean basin or by flowing first to the western
boundary and then to the equator in the New Guinea coastal current.
Since part of this coastal current crosses the equator, it brings the
southern positive 𝛿′′𝑇 into the EUC on both sides of the equator. In
contrast, the negative 𝛿′′𝑇 in the northern hemisphere cannot reach
the EUC directly in mid-basin because of the presence of the North
Equatorial Countercurrent (NECC). Instead it flows to the western
boundary in the North Equatorial Current (NEC), then equatorward in
the Mindanao Current, and then eastward in the NECC and along the
northern flank of the EUC (thus not crossing the equator).

As time advances, the interannual variability reflected in Fig. 2 at
the surface is tightly linked to subsurface changes. Here we use the
2015/16 El Niño event (Hu and Fedorov, 2016; Levine and McPhaden,
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Fig. 7. Annual-mean temperature anomaly (◦C) based on the 1-d approximation and its components along the equator (1◦S-1◦N average) for 2015 and 2016.
2016; Zhang and Gao, 2017) as an example. Fig. 5 shows the con-
trasting states during the developing phase (2015) and the recovering
phase (2016) along the equator. With the deepened and also tightened
pycnocline in the eastern sector during the developing phase, the upper
positive 𝛿′𝑇 is significant, and the positive 𝛿′′𝑇 is strong, together they
increase SST. During the recovering phase, there is no longer an upper
positive 𝛿′𝑇 , and the pycnocline shoals sharply toward the east to reach
the surface in the eastern sector, bringing negative 𝛿′𝑇 to the surface
to lower SST there. 𝛿′′𝑇 also appears to be much weakened with the
maximum shifted westward and a sign reversal near 100◦W.

The high connectedness of the equator with the off-equatorial re-
gions means that changes along the equator can also influence the
rest of the basin in the tropical Pacific. The characteristic shape of
the negative 𝛿′𝑇 on 25.5 𝜎𝜃 in the eastern basin (Fig. 4, middle-left),
fanning out towards the eastern boundary (see Furue et al., 2015
for more examples), is typical of an anomaly carried by a series of
propagating waves: eastward equatorial Kelvin waves, poleward coastal
Kelvin waves, and then westward Rossby waves reflected off the eastern
boundary. In later years of the model experiments, the negative 𝛿′𝑇 is
much enhanced and the characteristic shape is more clearly defined
in the domain (not shown). Most importantly, this subsurface negative
𝛿′𝑇 spans a wide density range at the eastern boundary (Fig. 3, middle-
left; Fig. 5, middle panels). These density surfaces outcrop in the
southeastern region, bringing the negative 𝛿′𝑇 to cool the surface off
the South American coast (Fig. 1c).

Similarly, the positive 𝛿′𝑇 at the surface next to the eastern bound-
ary (east of Galapagos Islands near 90◦W), though shallow, is persistent
8

(Fig. 3, middle-left; Fig. 5, middle panels), and we may reasonably
conclude that the warm SST bias along the eastern boundary in the
equatorial region (Fig. 1c) results from its propagation via coastal
Kelvin waves. Its southward extension along the South American coast
ends where it meets denser surface waters. Its northward extension ends
where it meets the negative 𝛿′𝑇 at the Costa Rica dome.

The cooling at the Costa Rica dome near 90◦W, 10◦N (Fig. 1c)
occurs on lighter densities (<24.5 𝜎𝜃) thus cannot originate from the
lower pycnocline at the equator. In this area, there is a negative 𝛿′𝑇
at the surface and in the upper pycnocline (e.g. Fig. 4, upper-left),
which grows with time and propagates westward as a Rossby wave.
The anomaly reaches the western boundary and enters the equator,
dominating or reducing locally generated anomalies along its pathway
(comparing Fig. 3, middle-left with Fig. 5, middle panels, 23.5 𝜎𝜃).
Its westward extension at the surface is limited because the affected
densities are below the surface away from the domed region.

3.3. Vertical diffusivity

The decomposition of 𝛿𝑇 into dynamical and spiciness components
is useful for understanding the behavior of the difference because of
the distinct ways with which the two components spread in the ocean.
It is not always possible, however, to identify the source of an anomaly
since 𝛿𝑇 at any given location is determined by a combination of local
and remote effects. Based on the characteristics of 𝛿𝑇 distribution in
the study domain, here we make an attempt to deduce certain causes
and effects by applying knowledges gained from prior studies.
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Furue et al. (2015) and Jia et al. (2015) explored the impacts of
ertical diffusion on the temperature structure of the equatorial Pacific
y conducting numerical experiments in which the background vertical
iffusivity, 𝜅b, was changed each time only in one subregion of the
ropical Pacific. They found that the initial response of 𝛿𝑇 follows

closely the one-dimensional (1-d) balance of vertical diffusion within
the forced region (where 𝜅b is changed). Considering the two leading
terms only, the 1-d equation of temperature anomaly can be written as

𝛿𝑇1𝑑 = 𝛿𝜅𝑇0𝑧𝑧𝑡 + 𝛿𝜅𝑧𝑇0𝑧𝑡 = 𝛿𝐴𝑇 + 𝛿𝐵𝑇

where 𝛿𝜅 is the change in vertical diffusivity relative to the reference
value 𝜅0, 𝑇0 is the temperature of the reference experiment, subscript
z represents the vertical derivative of a variable, and t is the time
scale that the above balance is assumed to be valid. 𝛿𝐴𝑇 represents
the response primarily to a change in the vertical diffusivity, whereas
𝛿𝐵𝑇 is associated with the vertical variation of the change in vertical
diffusivity.

Strictly speaking, the full vertical diffusivity, consisting of the back-
ground value, the convective part and the shear-dependent part in the
KPP scheme, should be used. In Furue et al. (2015) and Jia et al.
(2015), only the change in 𝜅b is considered in evaluating 𝛿𝐴𝑇 and
𝐵𝑇 for simplicity. This is in fact a very good approximation since
b is sufficiently large in the ocean interior in their experiments and
he additional parts are generally inactive. For the two experiments
iscussed in this study, however, the difference is in the convective and
he shear-dependent parts since the same background value is used for
oth the experiments.

Fig. 6 shows several fields in the 1-d diffusion equation along
he equator (averaged over 1◦S-1◦N) evaluated using the two model
olutions in this study. The fields are averages over the first two years
1979–1980). Similar to Fig. 3, this two-year time scale is to give
dequate time for the effects of high vertical resolution on vertical
iffusivity to develop.
9

Along the equator, the vertical diffusivity, as evaluated by the KPP
cheme, in the reference experiment (𝜅0), is highest in the surface
oundary layer, decreases with depth to a local minimum in the pycn-
cline, increases moderately below the pycnocline, and then decreases
gain to the predefined background value of 1 × 10−6 m2 s−1 at depth.
he low value in the pycnocline is typical of a Richardson number
ased scheme as a result of high stratification combined with low
hear in the core of the EUC, whereas the moderate increase below
he pycnocline results from reduced stratification and increased shear
n the lower part of the EUC. In the eastern basin where the lower
ycnocline rises to the surface boundary layer, the subsurface minimum
s not as noticeable as in the western and central regions. Bathymetric
eatures, namely the Maritime Continent to the west of 140◦E and the
alapagos Islands near 90◦W, enhance subsurface mixing.

The above description holds for the high vertical resolution exper-
ment as well. In detail, however, the change in vertical resolution
enerates large regional differences in vertical diffusivity. The most
ramatic effects are: (1) the increase in the upper pycnocline through
o the surface in the central region (positive 𝛿𝜅), (2) the reduction in
he lower pycnocline in the eastern region, (3) the reduction above
he pycnocline in the western region, and (4) the increase below the
ycnocline (along approximately 26.5 𝜎𝜃) across almost the whole
quatorial extent.

Based on the 1-d balance, 𝛿𝐴𝑇 is negative in the upper ocean in
he central region resulting from the positive 𝛿𝜅 and negative 𝑇0𝑧𝑧, an

effect often seen when there is an increase in vertical diffusivity in
ocean models. Almost in the same region, 𝛿𝐵𝑇 is negative in the thin
layer at the surface and positive below, implying negative and positive
𝛿𝜅𝑧, respectively, since 𝑇0𝑧 is generally positive. The distribution of
𝛿𝑇1𝑑 suggests the dominance of 𝛿𝐵𝑇 , highlighting the importance of
the vertical variation of 𝛿𝜅. In Jia et al. (2015), 𝛿𝑇1𝑑 from the 1-d
diffusion equation is also decomposed into dynamical and spiciness
anomalies. Because 𝛿𝜅 in this study exhibits large vertical variations,
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Fig. 9. Brunt-Väisälä frequency squared (𝑁2) and vertical diffusivity (𝜅v) in 2015 and 2016 at 140◦W, averaged over 1◦S-1◦N from the high (black) and low (red) vertical
esolution experiments. Dashed curves represent contributions from the convective component.
uch a decomposition is problematic. Using the results of Jia et al.
2015) as a guide (their Figs. 3 and 4), we may attribute both 𝛿𝐴𝑇
nd 𝛿𝐵𝑇 mostly to the dynamical component along the equator. In
he off-equatorial regions, the spiciness component can be significant,
specially in regions where salinity has large variations such as salty
outh Pacific subtropical water overlying fresher deeper water.

There is a strong resemblance in the warming of the upper pycno-
line in the central region between 𝛿𝑇1𝑑 generated by the positive 𝛿𝜅𝑧

in Fig. 6 and 𝛿′𝑇 in Fig. 3 (middle-left). We also see an analogue of
the 𝛿𝑇1𝑑 and 𝛿′𝑇 distributions to the two left panels of Fig. 7 in Jia
et al. (2015) in which 𝜅b increases upwards within the upper pycnocline
in the western equatorial region (their experiment EQWa). Differences
in the details result primarily from the positioning of the anomalies
along the equator and the propagating characteristics of the dynamical
anomaly. In EQWa, the surface cooling is limited to the western region
because it occurs on light density surfaces that outcrop there. This is
in contrast to the subsurface warming that propagates eastward away
from the directly forced western region and outcrops in the eastern
region. In Fig. 3 (middle-left) and Fig. 6 (upper-right), the subsurface
warming outcrops in the central and eastern regions, wiping out the
surface cooling to increase SST there.
10
Although the 1-d approximation is only defined for the initial phase,
there are times when the signatures of 𝛿𝑇1𝑑 are identifiable in the
later stages of the model experiments as well. Fig. 7 shows 𝛿𝑇1𝑑 and
its components in 2015 and 2016. Comparing Figs. 5 and 7, there is
a good correspondence between 𝛿𝑇1𝑑 and 𝛿′𝑇 in the warming of the
upper pycnocline in 2015. By contrast, the positive 𝛿𝑇1𝑑 in the upper
pycnocline is not visible in 𝛿′𝑇 in 2016, indicating a stronger influence
from remote effects (see the last paragraph of this section).

The results above show clearly that the surface warming along the
equator in the central region (Fig. 1c) is brought about by the warming
in the upper pycnocline from a change in the structure of the vertical
diffusivity. The same argument can also explain the warming at the
surface east of the Galapagos Islands (∼90◦W) and the cooling below
(24.5–26.5 𝜎𝜃) in the eastern region (Fig. 3, middle-left; Fig. 6, upper-
right). These anomalies are then carried poleward by coastal Kelvin
waves to influence SST along the eastern boundary as discussed in the
last section. Another effect of the subsurface cooling is the suppression
of the warm layer around 26.5 𝜎𝜃 along the equator (Fig. 3, middle-left;
Fig. 5, middle panels). There are positive patches of 𝛿𝑇1𝑑 in the western
region (Fig. 6, upper-right; Fig. 7, upper-left) and in the eastern region
(Fig. 7, upper-right) that generate the positive anomaly across almost
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Fig. 10. Power spectra of the vertical shear of the meridional component of velocity,
𝛷𝑣, over the depth range of 50–200 m at 140◦W, equator from the high (black) and
low (red) vertical resolution experiments averaged over 2015.

the whole of the equatorial extent. This positive anomaly, however,
does not reach the off-equatorial regions because it is eliminated by
the negative anomaly at the eastern boundary.

The cooling at the Costa Rica dome and its westward influence is a
good demonstration of the competing strengths of local versus remote
changes. There are patches of persistently negative 𝛿𝑇1𝑑 around 90◦W,
0◦N (Fig. 8, left panels). Initially, the cooling effect is evident only
ocally (Fig. 8, upper-right). As time progresses, its strength increases
nd its influence expands westward (middle and lower right panels).
long its pathway, negative 𝛿′𝑇 is reduced in regions of positive 𝛿𝑇1𝑑

(e.g. 130◦W and 170◦E) and enhanced in regions of negative 𝛿𝑇1𝑑
(150◦W and 140◦E). On this shallow density surface (22.5 𝜎𝜃), its
influence on the equator is limited to the western region. On deeper
surfaces (e.g. 23.5 𝜎𝜃), it affects the temperature structure of the upper
pycnocline to a much larger extent. During the developing El Niño in
2015, the positive 𝛿𝑇1𝑑 region (Fig. 7, upper-left) is shifted eastward
and is strong enough to prevail over negative influence from the west
to generate a positive 𝛿′𝑇 (Fig. 5, middle-left); whereas during 2016,
the patches of positive 𝛿𝑇1𝑑 in the central region (Fig. 7, upper-right)
appear to be overcome by negative influence from the west, resulting
in a negative 𝛿′𝑇 (Fig. 5, middle-right).

3.4. Stratification and vertical shear

The analysis in Section 3.3 shows clearly that the warming along the
equator and the cooling off the South American coast at the sea surface
in the high vertical resolution experiment result from a change in the
structure of vertical mixing in the pycnocline at the equator. Above the
background vertical diffusivity which is set to the same constant in the
model experiments, the KPP scheme computes the convective and shear
components below the surface boundary layer based on stratification
(𝑁2) and local gradient Richardson number (Ri), respectively. We may
expect that the change in vertical resolution has impacted significantly
the stratification and vertical shear (and therefore Ri). In this section,
we examine the characteristics of these two quantities at 140◦W and
85◦W on the equator. The former is located where 𝛿𝑇1𝑑 is positive in
the upper pycnocline, and the latter where 𝛿𝑇1𝑑 is negative in the lower
pycnocline.

Fig. 9 (left) shows the contrast in 𝑁2 at 140◦W, equator, between
the two resolutions and between 2015 and 2016. Higher vertical resolu-
tion permits a sharper pycnocline in both 2015 and 2016, but the effect
is much larger in 2015 during the developing El Niño. Despite the sharp
11
Fig. 11. Log (𝛷𝑣, s−2 cpm−1) as a function of time and wave length from the high
vertical resolution experiment at 140◦W, equator over the depth range of 50–200 m.

increase in stratification in 2015, above the middle of the pycnocline
(maximum 𝑁2), both 𝛿𝜅 and 𝛿𝜅𝑧 are positive (Fig. 9, upper-right),
corresponding to negative 𝛿𝐴𝑇 and positive 𝛿𝐵𝑇 (Fig. 7, middle and
lower left panels), respectively, suggesting that Ri in the high vertical
resolution experiment is not only less than the critical value of 0.3
indicating the presence of shear-generated turbulence but also much
less than that in the low vertical resolution experiment (the convective
contributions, dashed curves, are similar in the two resolution). Fig. 10
displays the power spectra of the vertical shear of the meridional com-
ponent of velocity, 𝛷𝑣, averaged over 2015. The enhancement of 𝛷𝑣
from low to high vertical resolution is clearly evident at wave numbers
lower than 0.05 cpm which is taken here as the highest possible wave
number (corresponding to the lowest possible wave length of 20 m)
resolved by the low vertical resolution experiment.

There is a significant temporal variability in the shear spectra in the
model experiments. Fig. 11 shows 𝛷𝑣 as a function of time and wave
length for the high vertical resolution experiment. The values of 𝛷𝑣
at all resolved length scales are higher during El Niño (March 2015–
February 2016) than the months that follow. The elevated values are
consistent with the elevated westerly wind activity during El Niño (see
Natarov and Richards, 2019, who consider the generation of inertia-
gravity waves by wind variability close to the equator). The temporal
variability of 𝛷𝑣 in the low vertical resolution experiment is similar to
that shown in Fig. 11 but lower in amplitude.

At 85◦W, equator, the pycnocline is much shallower and sharper
than in the central and western regions (see Figs. 5 and 7), and
maximum 𝑁2 occurs above 40 m with a larger value in the high
vertical resolution experiment (Fig. 12, left panels). Beneath the highly
stratified surface layer, stratification is very weak and often becomes
unstable as indicated by the significant level of convective contribution
(Fig. 12, right panels, dashed curves) to the total vertical diffusivity,
𝜅v, in both the experiments. Note that negative 𝑁2 is not reflected in
the time-averaged profiles. The power spectra of vertical velocity shear
(not shown) is similar to that at 140◦W, that is, the shear intensity is
higher in the high vertical resolution experiment and during the 2015–
2016 El Niño. Despite the enhancement in shear with increased vertical
resolution, 𝛿𝜅 is largely negative at the subsurface, suggesting that
stratification plays a dominant part in determining 𝜅v at this location,
with a larger contribution coming from the convective component in
the low vertical resolution experiment (𝑁2 < 0, red dashed curves).

4. Summary, discussion, and concluding remarks

In this study, we explore the impact of vertical resolution in an
ocean model in reducing SST biases in the tropical Pacific Ocean, by
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Fig. 12. Brunt-Väisälä frequency squared (𝑁2) and vertical diffusivity (𝜅v) in 2015 and 2016 at 85◦W, averaged over 1◦S-1◦N from the high (black) and low (red) vertical
resolution experiments. Dashed curves represent contributions from the convective component.
conducting two model experiments that differ in the vertical discretiza-
tion, with the resolution in one being significantly higher than in the
other in the upper ocean. We find that the difference in the upper-most
layer temperature (taken as SST) between the high and low vertical
resolution experiments is positive in the equatorial cold tongue and
negative along the South American coast, thus reducing the commonly
seen cool and warm biases in the two regions, respectively.

In the central equatorial Pacific, going from low to high vertical
resolution, the increase in vertical diffusivity, specifically, the increase
in the upward gradient of vertical diffusivity in the upper pycnocline,
results in a warm anomaly that propagates eastward and rises to the
surface to increase SST in the equatorial cold tongue. The change
in the structure of the vertical diffusivity, in turn, is the result of
an enhancement in the shear-generated turbulence. Power spectra of
the vertical shear of the meridional component of velocity at 140◦W,
equator show a significant increase with increased vertical resolution
at wavelengths resolved by both the resolutions (>20 m). Furthermore,
the high vertical resolution experiment also captures much of the finer
scale vertical velocity shear (<20 m).

The reduction in the cool SST bias in the cold tongue seen in the
model experiments highlights the important contribution of fine scale
12
vertical shear to mixing. This result is in line with the observational
studies in the western equatorial Pacific, as shown by measurements
made with both a high frequency (600 kHz) Acoustic Doppler Current
Profiler operated in lowered model (LADCP) and a relatively low
frequency (70 kHz) ship-based ADCP (Richards et al., 2012). Vertical
shear as measured by the high resolution LADCP is dominated by
high peaks at small vertical scales that are not captured by the low
resolution ADCP, and these peaks are closely associated with enhanced
turbulent kinetic energy dissipation rate estimated using data from a
Microstructure Profiler.

In the far eastern equatorial Pacific, the change in vertical diffusivity
from low to high vertical resolution in the lower pycnocline produces
a cool anomaly that propagates poleward as coastal Kelvin waves
along the west coast of the American continent and outcrops along
the South American coast to reduce SST there. Stratification appears
to be the dominant factor in changing the structure of the vertical
diffusivity as seen at 85◦W. We hypothesize that the increased vertical
resolution helps resolve the fine details of the stratification which is
particularly weak beneath the shallow and highly stratified surface
layer. By contrast, the low vertical resolution, with 6 layers ranging
from 11 to 17 m in thickness in the depth range of 60–140 m (the region
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Fig. 13. 𝛷𝑣 over the depth range of 75–225 m, from R/V Falkor cruise FK150728
170◦W, 1◦N, August 2015) and model experiments.

ith large changes in vertical diffusivity), is unlikely to represent the
eak stratification well.

The impact of subsurface temperature structure in the eastern equa-
orial Pacific on SST off the South American coast comes as no surprise.
ts basis was well laid out in Furue et al. (2015, their Fig. 10). The
onnection between the two regions is present, though not discussed,
n Jia et al. (2015). Our supplementary figure, Fig. S1, is the same as
ig. 13 of Jia et al. (2015) with the eastern limit extended to 70◦W.
or each case shown in the figure, the temperature anomaly along the
quator is shown in Fig. 12 of Jia et al. (2015). Note the aforementioned
onnectivity, in particular, the contrast between the warm anomaly in
he EQWd and EQEd cases versus the cool anomaly in the others. More
xamples can be seen in Sasaki et al. (2012). In the three experiments
hown in Fig. 6a-c of Sasaki et al. (2012), their mixing parameterization
esults in a positive temperature difference at subsurface of varying
agnitude that extends all the way to the eastern boundary. It is by
o coincidence that we see warming, including the relative magnitude,
ff the South American coast in the corresponding experiments in their
ig. 5b-d.

In view of the high connectivity in the tropical Pacific, whether
hrough equatorial Kelvin waves along the equator where SST in the
old tongue can be impacted by mixing in the pycnocline to the west,
r through coastal Kelvin waves along the eastern boundary where
ST along the South American coast can be impacted by mixing at the
quator, high vertical resolution measurements are much needed for an
mproved knowledge of shear-generated turbulence in the central and
astern regions, and a detailed description of the stratification in the
ar eastern region.

To illustrate the importance of high vertical resolution, we have
onducted model experiments at a relatively coarse horizontal resolu-
ion as a compromise between the demand for computation and the
eed for a basin scale domain. To achieve the observed level of vertical
hear, an adequate horizontal resolution is also needed. To demonstrate
his point, in Fig. 13, we compare 𝛷𝑣 from model experiments to data

collected using a high resolution (600 kHz) LADCP during a 4-day time
series in August 2015 at 170◦W, 1◦N from R/V Falkor cruise FK150728.

he observations show a strongly peaked spectrum, peaking around 50
wavelength, similar to spectra from measurements in the western

quatorial Pacific (see Richards et al., 2015). The shear spectrum from
he low vertical resolution experiment falls well below the observations.
he high vertical resolution experiment produces a spectrum that fills
ut much of the higher wavenumbers. There remains, however, a
13
marked deficit for wavelengths greater than 20 m. For comparison
we include the shear spectrum from a companion experiment where
the model is downscaled in a region surrounding the location of the
observations such that the horizontal resolution is 1/27◦. With the
increased resolution in both the horizontal and vertical directions, the
model spectrum is now peaked around 50 m wavelength, approaching
that of the observations.

Our results clearly show that adequate vertical resolution is required
to capture relatively small vertical scale features in the equatorial ocean
and that those features make an important contribution to vertical
mixing which in turn impacts the larger scale ocean structure. We
suggest that more emphasis is put on resolving these scales in both
models and observations and a better understanding is required of their
spatial and temporal variability.

Another possible benefit linked to an increase in vertical resolution
in models is the likely reduction in numerical diffusion associated
with advection schemes. In a study of the formation mechanism of
the Pacific equatorial thermocline, Tatebe and Hasumi (2010) showed
that by reducing numerical diffusion in a model, SST is increased in
the central equatorial Pacific and decreased along the South Amer-
ican coast (their Fig. 9), in much the same way as shown in this
study by explicit diffusion. The reduction in numerical diffusion is
achieved through the use of a highly accurate advection scheme, the
second-order moment (SOM) scheme (Prather, 1986), compared with
a third-order scheme that introduces much numerical diffusion. In our
model experiments, we use the third-order direct space time (DST)
scheme as implemented in MITgcm. Since the same advection scheme is
used in our experiments, we may expect some, but limited, cancellation
of the effect of numerical diffusion when we compute the difference in
potential temperature between experiments. A reduction in numerical
diffusion will occur through the increase in vertical resolution, and
may have contributed to the changes in SST in addition to the explicit
diffusion.

Lastly, we have conducted ocean-only experiments. Coupled experi-
ments are required to quantify the magnitude and temporal variability,
which can be done with atmospheric models of varying complexity (see
e.g. Zhang et al., 2020). We expect that coupling with the atmosphere
will enhance the impact on the cold tongue SST, as shown by Sasaki
et al. (2013).
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