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Abstract Deep cycle turbulence (DCT) is a diurnally oscillating turbulence that penetrates into a
stratified shear layer below the surface mixed layer, which is often observed in the eastern Pacific and
Atlantic above the Equatorial Undercurrent (EUC). Here we present the simulation of DCT by a global
ocean general circulation model (OGCM) for the first time. As the k‐ε vertical mixing scheme is used in the
OGCM, the simulation of observed DCT structure based on in situ microstructure measurements can be
explicitly demonstrated. The simulated DCT is found in all equatorial ocean basins, and its characteristics
agree very well with observations. Zonal and meridional variations of DCT in the entire equatorial
Pacific and Atlantic are described through constructing the composite diurnal cycle. In the central Pacific
where the maximum shear associated with EUC is deep, the separation of DCT from the surface mixed layer
is much more prominent than other areas.

Plain Language Summary Deep cycle turbulence (DCT) is a nighttime intensified turbulence
that develops in the stratified layer below the base of the surface mixed layer. It is often observed below
the equatorial Pacific and Atlantic cold tongue regions above the Equatorial Undercurrent (EUC). Mixing
caused by DCT is essential in modulating sea surface temperature (SST), which could have a large
impact on air‐sea interaction and thus global climate variability. However, simulations of DCT in global
ocean models have not been demonstrated so far, and the spatial variation of DCT characteristics in the
entire equatorial oceans is not well known. This study presents the first global ocean general circulation
model simulation of DCT, demonstrated by the comparison of simulated turbulence with that derived from
in situ observations. The simulated DCT is found in all equatorial ocean basins, and its characteristics agree
very well with observations. Large‐scale spatial variability of DCT in the equatorial Pacific and Atlantic is
described through the analysis of model output. The DCT layer completely separated from surface mixed
layer is found at locations where the EUC is deep, such as the central equatorial Pacific near the dateline.

1. Introduction

Deep cycle turbulence (DCT) is a nighttime intensified turbulence that extends below the base of the surface
mixed layer (SML). It has been often observed below the equatorial Pacific and Atlantic cold tongue regions
above the Equatorial Undercurrent (EUC). Despite the ongoing debate on the triggering mechanism (Pham
et al., 2012, 2013, 2017; Smyth et al., 2013), DCT develops in a stratified shear layer with the mean flow at a
state of marginal instability (MI) (Pham et al., 2013; Smyth &Moum, 2013; Thorpe & Liu, 2009). MI is a near
unstable state of the mean flow indicated by a critical Richardson number of 1/4. Maintaining MI state is an
essential characteristic of DCT (Smyth & Moum, 2013; Smyth et al., 2019).

Since the discovery of DCT in 1980s (Gregg et al., 1985; Moum&Caldwell, 1985), it has been extensively stu-
died over decades because of its essential role in modulating the sea surface temperature (SST) in the eastern
equatorial Pacific (Moum et al., 2009, 2013), which could have a strong impact on air‐sea interaction and
thus global climate variability (e.g., Huang et al., 2013; Kosaka & Xie, 2013; Warner & Moum, 2019;
Xie, 2013). Hence, an adequate parameterization of DCT may reduce the SST bias in the Pacific cold tongue
persistently evident in coupled general circulation models (e.g., de Szoeke & Xie, 2008; Li & Xie, 2014;
Richter et al., 2016; Samanta et al., 2019; Zheng et al., 2012).

Most studies of DCT so far are based on in situ measurements on the equator in the eastern Pacific and
Atlantic (e.g., Hebert et al., 1991; Hummels et al., 2013; Inoue et al., 2012, 2019; Lien et al., 1995, 1996,
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2008; Moum et al., 1989, 1992, 2009, 2013; Peters et al., 1988; Smyth &Moum, 2013; Smyth et al., 2013, 2017,
2019; Warner & Moum, 2019; Wenegrat & McPhaden, 2015), while only few modeling studies on DCT have
been reported (Clayson & Kantha, 1999; Pham et al., 2012, 2013, 2017; Schudlich & Price, 1992; Wang
et al., 1998). While recent studies using regional ocean general circulation models (OGCMs) in the
tropical Pacific suggest the possible modulation of DCT by tropical instability waves (TIWs) (Holmes &
Thomas, 2015; Inoue et al., 2019), DCT in the simulations is not explicitly presented in these studies and
thus OGCM's ability to simulate DCT is still unknown. Accordingly, large‐scale spatial variations of DCT,
which require its full description over the equatorial ocean basins, have not been reported yet.

This work presents the first global OGCM simulation of DCT, which agrees very well with observations.
Since a k‐εmodel based second‐moment turbulence closure is used for the vertical mixing parameterization
in the OGCM, the simulated turbulent kinetic energy (TKE) dissipation rate ε is directly compared with that
obtained from the in situ microstructure measurements. Model results are validated against the observa-
tional data to demonstrate its ability to simulate the diurnally varying turbulence. As the global model is
used, the spatial variations of DCT characteristics can be fully described. The analysis of the model simula-
tion indicates that simulated DCTs are evident in all equatorial ocean basins with their MI state being well
reproduced. In addition, processes that control the modulation of DCT simulated by the model, including
the role of TIWs, are consistent with previous studies. A special emphasis is given to the DCTs in the equa-
torial Pacific and Atlantic, where their zonal and meridional variations are discussed in detail. In particular,
the vertical structure of turbulence is shown to vary substantially with the longitude in the equatorial Pacific
because of the zonal variation of EUC depth.

2. OGCM Simulation

The OGCM used in this study is a Geophysical Fluid Dynamics Laboratory (GFDL)'s Modular OceanModel,
Version 5 (MOM5; Griffies, 2012) for the global domain with some modifications from the original version.
These modifications include the implementation of the Coupled Ocean‐Atmosphere Response Experiment
bulk flux algorithm (COARE 3.5; Edson et al., 2013; Fairall et al., 2003) and the General Ocean Turbulence
Model (GOTM; Burchard et al., 1999; Umlauf et al., 2005).

The model grids are similar to Ge et al. (2017), in which the zonal resolution is 0.5° and the meridional reso-
lution is 0.25° between 10°S and 10°N, gradually increasing poleward to 0.5° at 30°S and 30°N and fixed
beyond. A 50‐layer z* coordinate is used in the vertical direction. The layer thickness is 1 m for the upper
9 m, gradually increasing to 10 m at 40 m and constant up to 220 m. Then it increases toward the bottom
of the ocean. The model is driven by hourly atmospheric forcing created by Ge et al. (2017) which is based
on the 1‐hr outputs from the Climate Forecast System Reanalysis (CFSR; Saha et al., 2010) and the
Modern‐Era Retrospective Analysis for Research and Applications (MERRA; Rienecker et al., 2011). Note
that many previous OGCM simulations to study equatorial turbulence (e.g., Holmes & Thomas, 2015;
Inoue et al., 2019) did not use hourly forcing, and thus, DCT cannot be generated in those simulations.

To parameterize the vertical mixing process, we use the second‐moment turbulence closure developed by
Canuto et al. (2001). The turbulence length scale is calculated by the k‐ε model (Burchard &
Bolding, 2001; Rodi, 1987). Since ε is explicitly calculated at each time step during the model integration,
it can be compared directly with that derived from microstructure measurements. The model is integrated
from 1 September to 31 December 2011 with initial conditions taken from the oceanic state of the CFSR
(Ge et al., 2017). The hourly model outputs are analyzed.

The simulated temperature and velocity are comparedwith in situ data at various locations on the equator from
the TAO (McPhaden et al., 1998), PIRATA (Foltz et al., 2018), and RAMA (McPhaden et al., 2009) moorings
during the analysis period, showing a reasonably good agreementwith the observed vertical profiles from equa-
torial moorings at 80.5°E, 140°W, 35°W, and 23°W (Figures S1 and S2 in the supporting information).

3. Results
3.1. Simulated DCT in all Equatorial Ocean Basins

DCT has been observed by a number of in situ microstructure measurements in the eastern equatorial
Pacific and Atlantic (e.g., Hummels et al., 2013; Moum et al., 2009). DCT, similar to previous observations
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(e.g., Smyth & Moum, 2013; Wenegrat & McPhaden, 2015), is clearly evident in present OGCM simulations
shown in Figures 1a and 1b, which display time‐depth variations of simulated ε in the eastern Pacific (0°,
140°W) and eastern Atlantic (0°, 23°W), respectively. The strong ε penetrates below the base of the SML,
which is defined as the depth where the density exceeds its surface value by 0.01 kg m−3. At 0°, 140°W,
the depth of SML during nighttime is about 20 m, and the DCT penetrates to 50‐ to 100‐m depth. The
maximum depth of DCT closely follows the base of MI layer, which is often located around the upper
flank of EUC. Some strong DCT events, such as those in early November and December, reach as deep as
100 m. These simulated DCT characteristics are at least qualitatively in good agreement with previous in
situ microstructure measurements such as those taken during 2008 (Figure 1 in Smyth & Moum, 2013)
except that the simulated ε is slightly weaker than the observation. Note that both 2008 and 2011 are La
Niña years with strong TIWs and strong EUC shear in the eastern equatorial Pacific. It is worth
mentioning that multiple nighttime turbulence bursts associated with DCT (Pham et al., 2017; Smyth &
Moum, 2013) are occasionally found in our simulation (e.g., 1–4 November, Figure 1a). They could be due
to the oscillatory interaction between the mean shear and the turbulence (Smyth et al., 2017), which can

Figure 1. Time‐depth contours of modeled log10ε (shading), where ε is turbulence kinetic energy dissipation rate and
mixed layer depth (black line) from 1 November to 3 December 2011 on the equator at (a) 140°W, (b) 23°W, and (c)
80.5°E. (d) Middle quartile (25–75%) of the time‐averaged gradient Richardson number at each location during the period
of 17–30 November (blue box), 1–14 November (red box), and 25–30 November (green box). Values of negative Ri
within the mixed layer are not included in the plot. The vertical dotted line indicates Ri = 1/4, which is a marginal
instability state often observed for DCT. Gray lines in (a)–(c) show the base of the marginal instability layer,
corresponding to the deepest depth with Ri = 1/4. White lines in (a) and (b) represent the core of the EUC indicated by
the maximum of zonal velocity.
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be modeled by the mixing parameterization. The simulated bursts, however, have smaller ε variation than
observations possibly due to small‐scale processes (e.g., nonlinear vortices, Pham et al., 2013) which cannot
be adequately resolved by the OGCM.

DCT at 0°, 23°W reaches around a depth of 60 m during the simulation period, shallower than that in the
eastern Pacific because of a shallower EUC at this location (e.g., Brandt et al., 2014; Giarolla et al., 2005).
The average ε over 20–50 m during this period is about 4.6 × 10−7 m2 s−3, which is consistent with observa-
tions at this location in November 2008 (Wenegrat & McPhaden, 2015). Previous observational studies con-
clude that the energy source of DCTs is provided by strong vertical shear of mean currents in a stratified
background flow where gradient Richardson number (Ri) is close to the critical value 1/4 (MI state). The
MI state similar to observations is found in the model simulations (Figure 1d). It is worth noting that a K‐
profile parameterization (KPP) vertical mixing scheme (Large et al., 1994), which is used in many OGCMs
and climate models, cannot produce the MI state associated with DCT (Holmes & Thomas, 2015).

In addition to the persistent DCTs in the equatorial Pacific and Atlantic, the simulation also reveals DCT in
the equatorial Indian Ocean (Figure 1c), which agrees very well with the microstructure measurements
(Figure 5 in Pujiana et al., 2018). Pujiana et al. (2018) suggested that ε penetration below the mixed layer dur-
ing late November 2011 is associated with DCT driven by the vertical shear caused by the westerly wind
bursts associated with the Madden‐Julian Oscillation (MJO) events (Moum et al., 2014). While wind bursts
enhance the surface mixing, as shown by the substantial deepening of mixed layer depth (MLD), it also gen-
erates strong zonal currents that create vertical shear favoring the subsequent penetration of DCT. The layer
of DCT penetration below the SML is thinner than that in the Pacific and Atlantic due to a deeper SML pro-
duced by strong westerly winds. Despite the different sources of vertical shear in the Indian Ocean, DCTs
show similar MI state indicated by Ri ≈ 1/4 (Figure 1d). The maximum depth of DCT agrees very well with
the base of MI layer (Figures 1a–1c).

It is worth mentioning that the direct comparison during the simulation period has been performed only for
the Indian Ocean case because the velocity shear that generates DCT during DYNAMO is associated with
strong equatorial jet produced by westerly wind bursts (wind forced motion), which can be simulated by
the OGCM reasonably well. Such direct comparisons are difficult for Pacific and Atlantic cases because of
the strong influence of TIW whose phase and amplitude cannot be accurately simulated by OGCMs.

3.2. Modulation of the Simulated DCT

To further validate the model results, processes that control the DCT modulation, which are previously
reported in observational studies, are examined by the analysis of model outputs. As such processes have
been extensively studied at 0°, 140°W, the analysis focuses on the eastern Pacific.

Figure 2a shows the time series of ε profile and MLD at 0°, 140°W in October–November 2011 from the
model simulation. Characteristics of DCT vary substantially during this period. Strong DCT occurs during
early October (1–3 October) and late October to early November (19 October to 3 November) when strong
ε associated with DCT penetrates into 50‐ to 100‐m depths, whereas ε in other periods is weaker.

The strong DCT in early and late October can be explained by the modulation due to TIWs suggested in pre-
vious studies (Holmes & Thomas, 2015; Inoue et al., 2012, 2019; Lien et al., 2008; Moum et al., 2009). For
example, Inoue et al. (2019) demonstrate that DCT is enhanced during the TIW phase of southward currents
on the equator, which induces stronger vertical shear. During the periods of enhanced DCT in early and late
October, strong southward currents are found on the equator (Figure 2d). They propagate westward along
the equator with a phase speed of about 0.9 m s−1 (Figure S3), which is consistent with 17‐day TIWs asso-
ciated with mixed Rossby gravity waves (Lyman et al., 2007; Shinoda, 2010, 2012). Therefore, the enhance-
ment of DCT in early and late October could be caused by southward currents associated with TIWs
(Figures 2b and 2c), consistent with observations.

After 24 October, the meridional currents on the equator change to northward (Figure 2d). However, DCT
continues to be strong until early November. This enhanced DCT could be due to the stronger subsurface
vertical shear (Figure 2b) associated with the accelerating westward surface currents (Figure 2f), which
could be generated by the enhancement of westward winds during this period (Figure 2e). The result is con-
sistent with previous studies (Clayson & Kantha, 1999; Pham et al., 2017), which show the intensity of DCT
can be increased by enhanced easterlies.
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3.3. Large‐Scale Spatial Variation of DCT
3.3.1. Equatorial Pacific
Using the validated global model simulation, large‐scale spatial variations of DCT are fully described. Here
the spatial variation of DCT is examined by forming the composite of diurnal variation. The composite is
constructed over a 4‐day period (21–25 November) when the zonal wind across the equatorial Pacific was
relatively steady. The diurnal variation of turbulence along the equator is shown at 3:00, 9:00, 15:00, and
21:00 GMT in Figures 3a1–3a4.

DCT is identified as strong turbulence penetrates into the stratified shear layer below the SML. The layer of
DCT is defined as the layer between the daily maximum MLD and the depth of MI layer at each location.
Strong DCT (ε > 10−7 m2 s−3) with notable turbulence penetration is found on the equator between 170°E
and 105°W (Figures 3a3 and 3a4) where the maximum shear is located at the upper flank of EUC
(Figures S4a1–S4a4). The maximum depth of DCT gradually deepens from 105°W to 180° and then shoals
toward 170°E, closely following the base of MI layer and the upper flank of EUC (Figure 3b). The strongest
DCT (ε > 10−6 m2 s−3) is found between 140°W and 110°W due to the intensified vertical shear caused by
enhanced westward surface zonal currents and the shoaling of EUC. Note that the fluctuation of zonal cur-
rents along the equator (Figure 3b) is due to a modulation of TIWs.

East of 105°W, relatively weak turbulence (ε < 10−7 m2 s−3) is confined within the upper 50 m because of
intensified stratification (Figures S4c1–S4c4) caused by the upwelling (Figure S4d). In the region of 155–
170°E, the layer of turbulence penetration below SML becomes thinner (~10 m) as the MI layer shoals sub-
stantially due to the weak shear and strong stratification between the deep EUC and the surface currents
(Figures S4a4 and S4c4). West of 155°E, the surface zonal current is eastward (Figure 3b), and DCT does
not exist.

As described above, a large zonal extent (170°E to 105°W) of DCT is evident in the model simulation. The
details of diurnal variation of DCT in these regions are described in the following. At 3:00 GMT, SML starts
deepening in the eastern and central Pacific when the nighttime surface cooling begins (Figure 3a1). Within
the SML, strong turbulence (ε~10−6 m2 s−3) is found east of 180°. Below the SML, turbulence generated in

Figure 2. Time series of (a) vertical profile of log10ε (shading), (b) vertical shear squared multiplied by 104 (shading), (c) buoyancy frequency squared multiplied
by 4 × 104 (shading), (d) meridional velocity on the equator averaged over upper 30 m, (e) zonal wind stress used in the simulation (blue line) and from the TAO
mooring (black thin line), and (f) vertical profile of zonal velocity on the equator at 140°W from 1 October to 30 November 2011. The black (gray) lines in
panels (a)–(c) indicate mixed (MI) layer depth. The white areas in panel (c) indicate negative buoyancy frequency. Each minor tick of horizontal axis represents
2‐day interval. Time series of SST and vertical profile of Ri are shown in Figure S3 in the supporting information.
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the previous night with varying intensity is evident. For instance, turbulence below the SML between 140°W
and 120°W remains strong, with its intensity similar to that found in SML. In the central Pacific around
170°E to 170°W, a strong turbulence layer completely separated from the SML is found right above the
upper flank of EUC. This layer corresponds to the DCT formed during the previous night, which will be
explained in the following.

At 9:00 GMT, SML continues to deepen along the equator (Figure 3a2). From 170°E to 140°W, a thin turbu-
lence layer of intensified ε (~10−6 m2 s−3) is noticeable right above the base of SML. This enhanced turbu-
lence layer is found in previous observations (Lien et al., 1995; Smyth et al., 2013), which could be driven
by local shear instability (Smyth et al., 2013). It is stronger than turbulence driven by nighttime convection
(Figure S4c2) above this layer (Wang et al., 1998). Below SML, turbulence west of 160°W, including that in
the DCT layer of previous night, continues to decay. In contrast, east of 160°W, DCT already penetrates
below the base of SML as shown by higher ε than that at 3:00 GMT (Figures 3a1 and 3a2).

At 15:00 GMT, SML west of 130°W further deepens while that east of 130°W shoals in response to daytime
heating (Figure 3a3). DCT becomes stronger and deeper east of 160°W as it deepens to the region of the max-
imum shear while SML reaching its maximum depth. West of 160°W, strong turbulence is found around the
base of SML.

Figure 3. (a1–a4) Composite diurnal variations of log10ε (shading) and MLD (black line) along the equator in the Pacific for the period 21–25 November 2011 at
03:00, 09:00, 15:00, and 21:00 GMT, respectively. (c1–c4) Same as (a1)–(a4) except at 170°W between 4°S and 4°N. (e1–e4) Same as (a1)–(a4) except at
140°W between 4°S and 4°N. (b, d, and f) The daily average of the composite zonal velocity (shading) at each location. The gray lines in panels (a), (c), (e) indicate
MI layer depth. The corresponding local solar time (LST) at 170°W and 140°W is shown in (c1)–(c4) and (e1)–(e4). Variations of Ri and SST are shown in Figure S4
in the supporting information.
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At 21:00 GMT, SML shoals substantially, and a very shallow mixed layer is found east of 180° because of
incoming solar radiation (Figure 3a4). East of 160°W, turbulence decays due to the enhanced stratification
indicated by a weaker ε than that of Figure 3a3. However, DCT remains notably strong (ε > 10−7 m2 s−3)
within the region of maximum shear (Figure S4a4). West of 160°W, the strong turbulence layer, previously
found around the SML base at 15:00 GMT, keeps deepening while SML reaches its maximum depth and then
shoals substantially during 15:00–21:00 GMT. This produces a strong turbulence layer above the base of MI
layer as DCT penetrates into the maximum shear region. Meanwhile, turbulence below the SML at
21:00 GMT, which is previously found within the SML at 15:00 GMT, is largely suppressed as the upper
ocean is restratified due to surface warming. As a result, a weak turbulence layer between the SML above
and the strong DCT below is evident. Later at 3:00 GMT, this weak turbulence layer becomes remarkably
weaker (ε ≤ 10−9 m2 s−3) due to further decay caused by restratification. Below this layer, DCT within the
maximum shear region in the MI layer remains strong. This vertical structure of turbulence can also be
viewed in the meridional sections. Along 170°W section, it is evident that the strong DCT layer left from pre-
vious turbulence penetration (Figure 3c4) is separated from SML by a weak turbulence layer (Figures 3c1
and 3c2). This weak turbulence layer disappears during 15:00–21:00 GMT and then reappears at 3:00 GMT.

Such separation of DCT from SML by a weak turbulence layer was also observed at 140°W (Lien et al., 1995;
Smyth et al., 2013), and the simulated structure is consistent with the observation (Figure 3e1). However, the
weak turbulence layer between SML and DCT is much more prominent and thicker around the dateline
than at 140°W. This is mainly because the shallow EUC at 140°W (Figure 3b) limits the vertical extent of
DCT, and the turbulence below daytime SML does not quickly decay during the restratification period
because of the relatively strong shear below SML. Our simulation suggests that the separation of DCT from
SML is more prominent in the regions with a deep extending shear layer associated with EUC. In these
regions, the turbulence below SML could quickly decay during the restratification in the upper ocean while
notable turbulence remains in the strong shear layer below.

DCT can also occur in the off‐equatorial regions (Hebert et al., 1991), which is found in the simulation
(Figures 3c1–3c4 and 3e1–3e4). Its variability depends on the vertical shear distribution across the equator
determined by the relative position and strength of surface zonal currents and EUC. The strongest DCT is
seen right above the EUC where shear is the strongest. DCT could penetrate into deeper area off the equator
in the vicinity of the EUC. For instance, the deepest DCT is found at 1°S at 170°W (Figure 3c4) and 1.5°N at
140°W (Figure 3e4) where relatively strong shear is found in deeper areas. In addition, DCT can occur in
off‐equatorial regions without the vertical shear associated with EUC (i.e., near 3°N in Figure 3e3). In these
regions, the shear associated with surface currents provides themain energy source of DCT. This is similar to
the DCT associated with the MJO‐induced surface currents found in the equatorial Indian Ocean
(Figure 1c).
3.3.2. Equatorial Atlantic
The thermocline is generally shallower in the equatorial Atlantic than in the equatorial Pacific. Also, the
EUC is weaker than that in the Pacific. These different upper ocean structures of velocity and temperature
may influence the characteristics of DCT in the Atlantic Ocean. To describe zonal and meridional variations
of DCT in the Atlantic, the composite diurnal cycle during the same period is constructed, and is shown
along the equator at 2:00, 8:00, 14:00, and 20:00 GMT (Figures 4a1–4a4).

The upper flank of EUC in the western Atlantic is about 30 m deeper than that in the east, and the upward
slope is found mostly between 25°W and 4°W (Figure 4b). The westward surface currents are stronger
toward the east. The velocity field is smoother than that in the Pacific as TIW activity is weak during this
period. West of 10°W, strong vertical shear layer deepens mostly following the depth of the upper flank of
EUC as in the Pacific case. DCT with notable penetration below SML is found in most parts of the equatorial
Atlantic (44–10°W) including western Atlantic, where the relatively strong vertical shear associated with
EUC is evident (Figures S5a1–S5a4). In contrast to the equatorial Pacific where relatively weak DCT exists
around the date line, strong DCT (ε~10−6 m2 s−3) is found in most areas of equatorial Atlantic due to a shal-
lower EUC which can produce stronger shear.

Overall diurnal evolution of DCT in equatorial Atlantic is similar to that in the equatorial Pacific. Intensified
turbulence layer around the SML base is seen at 20:00 GMT (Figure 4a4) and deepens 2:00–8:00 GMT
(Figures 4a1 and 4a2) as in the Pacific case. The separation of DCT from SML in western Atlantic is not
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as prominent as in the central Pacific due to a shallower EUC. The meridional extent of DCT is mostly
confined between 2°S and 2°N. The DCT at 23°W extends farther south compared to at western Atlantic
35°W (Figures 4e2 and 4c2) due to the broader westward South Equatorial Current during this period
(Figure 4f). It should be noted that the surface current structure changes on a variety of time scales, and
thus, the meridional structure of DCT during other periods might be different from that in the present
simulation.

4. Conclusions and Discussion

DCT is turbulence associated with the mean current vertical shear in a stratified layer below the SML, and it
has often been observed in the eastern equatorial Pacific and Atlantic Oceans. Since mixing in the upper
ocean in these regions may largely influence SST variability (e.g., Moum et al., 2009, 2013), a proper repre-
sentation of vertical mixing in the OGCM is crucial for the accurate simulation of SST in the tropical Oceans
(e.g., Jia et al., 2015). As most of state‐of‐the‐art global climate models have longstanding SST bias in the cold
tongue region (e.g., Zheng et al., 2012), a parameterization that adequately represents the vertical mixing
associated with DCT in the cold tongue region may reduce SST biases and in turn improve prediction of cli-
mate variability (e.g., Warner & Moum, 2019). However, the simulation of DCT in a global OGCM has not
been explicitly demonstrated so far, and thus, the model's ability to simulate DCT is still unknown.

Figure 4. Same as Figure 3 except for equatorial Atlantic (a1–a4) along the equator, (c1–c4) at 35°W between 4°S and 4°N, and (e1–e4) at 23°W between 4°S and
4°N at 02:00, 08:00, 14:00, and 20:00 GMT, respectively. The corresponding local solar time (LST) at 35°W and 23°W is shown. (Note that both locations are in the
same time zone. However, time at 35°W lags that at 23°W by about 1 hr.) Variations of Ri and SST are shown in Figure S5 in the supporting information.
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We present the first simulation of DCT by a global OGCM. The model is integrated with hourly atmospheric
forcing derived from reanalysis products. A k‐ε model based second‐moment turbulence closure is used to
parameterize vertical mixing, and thus, TKE dissipation rate ε computed during the model integration can
be directly compared with in situ microstructure observations. The model is able to reproduce observed
structures of DCT very well. The MI state has been well reproduced in all three equatorial ocean basins.
Also, the intensity of DCT has been well reproduced. In addition, processes which modulate the simulated
DCT in the eastern Pacific such as the influence of TIWs are consistent with results from previous observa-
tional studies.

Large‐scale spatial variations of DCT are fully described by the analysis of model simulation. The analysis
demonstrates the large zonal extent of DCT over the central and eastern equatorial Pacific, which spans
170°E to 105°W. Also, DCT is evident in most areas in the equatorial Atlantic. The depth of turbulence pene-
tration is mostly controlled by the depth of the upper flank of EUC. In addition, DCT exists in off‐equatorial
regions away from EUC where the vertical shear is associated with surface currents.

A composite diurnal variation of TKE dissipation is constructed to investigate the evolution of DCT at each
location. When the nighttime cooling starts, a strong turbulence layer is found right above the base of SML.
It continues to deepen beyond the base of SML and penetrates into the maximum shear region around the
upper flank of EUC. The turbulence below SML decays during the upper ocean restratification caused by
daytime warming. In the central equatorial Pacific around the dateline, the separation of DCT layer from
SML is muchmore prominent during restratification than other areas. This DCT layer is located at the upper
flank of EUC, which is very deep in the central equatorial Pacific. In this region, the turbulence in the layer
of weak shear and stratification right below the SML quickly decays during restratification.

While this study demonstrated the capability of simulating DCT by a global OGCM, and described the
large‐scale variability of DCT in the entire equatorial oceans, the model results can be validated for only lim-
ited areas such as 140°W in the eastern equatorial Pacific. Therefore, it is necessary to verify large‐scale spa-
tial variations of DCT found in the model simulation by future observations. Observations of DCT in the
broader region in three equatorial ocean basins are needed to confirm the simulation results. For example,
the prominent separation of DCT layer from the SML in the central Pacific could be identified by microstruc-
ture measurements. Also, DCT in the equatorial Indian Ocean was measured only at one location for a spe-
cific period. Since the major equatorial current system in the Indian Ocean varies on the seasonal time scale
because of the monsoon, it is expected that characteristics of DCT changes substantially in time and space.
Further observational and modeling studies are necessary to address these issues.

Data Availability Statement

The CFSR data can be found online (at https://www.ncdc.noaa.gov/data-access/model-data/model-data-
sets/climate-forecast-system-version2-cfsv2). The MERRA data can be found at the website (https://disc.
gsfc.nasa.gov/datasets/MAT1NXOCN_5.2.0/summary?keywords=merra). In situ mooring data are
obtained from TAO, PIRATA, and RAMA mooring sites available online (at https://www.pmel.noaa.gov/
gtmba/).Computing resources were partly provided by the HPC system at the Texas A&M University
(College Station and Corpus Christi) and the Climate Simulation Laboratory at NCAR's Computational
and Information Systems Laboratory.
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