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ABSTRACT

The tropical Pacific cold tongue (CT) plays a major role in the global cli-
mate system. The strength of the CT sets the zonal temperature gradient in the
Pacific that couples with the atmospheric Walker circulation. This coupling
is an essential component of the El Nifio Southern Oscillation (ENSO). The
CT is supplied with cold water by the equatorial undercurrent that follows the
thermocline as it shoals toward the east, adiabatically transporting cold wa-
ter towards the surface. As the thermocline shoals, its water is transformed
through diabatic processes producing water mass transformation (WMT) that
allows water to cross mean isotherms. Here, we examine WMT in the cold
tongue region from a global high resolution ocean simulation with saved bud-
get terms that close its heat budget exactly. Using the terms of the heat budget,
we quantify each individual component of WMT (vertical mixing, horizontal
mixing, eddy fluxes, solar penetration), and find that vertical mixing is the
single most important contribution in the thermocline, while solar heating
dominates close to the surface. Horizontal diffusion is much smaller. During
El Nifio events, vertical mixing, and hence cross-isothermal flow as a whole,
is much reduced, while during La Nifia periods strong vertical mixing leads
to strong WMT, thereby cooling the surface. This analysis demonstrates the
enhancement of diabatic processes during cold events, which in turn enhances

cooling of the CT from below the surface.
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1. Introduction

The tropical Pacific cold tongue (CT) plays a major role in both the mean climate and climate
variability. The CT is the main region of energy uptake into the ocean. It supplies buoyancy to
the global circulation (Newsom and Thompson 2018; Holmes et al. 2019b), and can influence and
modulate the global climate change signal (England et al. 2014). For these reasons, the mean
circulation of the equatorial Pacific has historically received considerable attention: from early
inferences of upwelling driven by divergence of the Ekman transport (Cromwell 1953) and the
discovery of the Equatorial Undercurrent (Cromwell et al. 1954), to quantification of mass and
heat budgets of the tropical cells enabled by the development of deep ocean moorings along with
sparse hydrographic sections (Bryden and Brady 1985; Weisberg and Qiao 2000; Meinen et al.
2001; Johnson et al. 2001).

Sea surface temperature (SST) variability of the CT, which lies at the heart of the El Nifio
Southern Oscillation (ENSO), has been the focus of many studies for more than 40 years (Wyrtki
1975; Philander 1990). ENSO is the leading mode of climate variability (Neelin et al. 1998;
McPhaden et al. 2006; Chang et al. 2006; Wang et al. 2017) with impacts all over the globe.
Understanding the mechanisms that control the strength and variability of the CT in the tropical
Pacific is essential for reliable ENSO forecasts (Ji and Leetmaa 1997; Barnston et al. 2012; Tang
et al. 2018; Ding et al. 2020) and, given the importance of the eastern tropical Pacific in the global
climate system, for well founded climate projections (Bayr et al. 2019; Samanta et al. 2019).

Though great progress in understanding and modeling the tropical Pacific circulation and ENSO
variability has been made (Mechoso et al. 1995; Zelle et al. 2004; Karnauskas et al. 2007; Ray
et al. 2018), major questions remain. For example, how does La Nifia mechanistically compare

to El Nifio (Timmermann et al. 2018)? To what degree is SST variability driven by adiabatic (Jin
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1997) versus diabatic processes (Lengaigne et al. 2012)? Often, diabatic processes have to be
derived from residuals (Meinen and McPhaden 2001, 2000). Here, we employ full heat budgets
from a high resolution ocean model to explicitly calculate drivers of diabatic processes.

The vertical branch of the equatorial circulation cannot be measured directly. Historically, an in-
tegrated box model approach has been taken to arrive at average upwelling estimates for large con-
trol volumes from widely spaced hydrographic sections and sparse direct velocity measurements
(Wyrtki 1981; Bryden and Brady 1985; Weisberg and Qiao 2000; Johnson et al. 2001; Meinen
et al. 2001). Bryden and Brady (1985) showed that a large component of the net equatorial verti-
cal velocity is associated with the Equatorial Undercurrent (EUC) flowing parallel to isotherms as
they rise toward the east, that is, a large fraction of the vertical velocity is adiabatic. Estimates of
the cross-isothermal component of equatorial Pacific upwelling, again over large control volumes,
based on this kinematic formulation have been made by Meinen et al. (2001) using hydrographic
sections, and geostrophic and Ekman dynamics. Similar to Bryden and Brady (1985) they find
that the cross-isothermal component of the vertical velocity is a fraction of the total upwelling.

However, (diabatic) ocean vertical mixing has been found to be the dominant cooling term driv-
ing SST variability in the equatorial CT on both annual and inter-annual timescales (Wang and
McPhaden 1999, 2000; Moum et al. 2013; Warner and Moum 2019). There is hence a need to
investigate diabatic processes and how they change during ENSO phases.

In this study, we investigate how vertical circulation in the tropics decomposes into diabatic and
adiabatic flow, and how the diabatic component changes during ENSO, from global high resolution
ocean model output. We employ the water mass transformation (WMT) framework, which allows
us to determine how water is transformed from one water mass class into another. Here, we focus
on temperature classes, i.e. water masses within a given temperature interval. In this case WMT

consists of water crossing isotherms, hence we examine cross-isothermal velocities.
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The WMT framework has first been developed by Walin (1982) and further illustrated by Nurser
et al. (1999), who attributed the flow of water parcels across isotherms to heating and cooling. In
the case of a water mass which is bound by a certain isotherm outcropping around it, heating at
the surface (by surface fluxes) has to be balanced by (diffusive) cooling from below (Niiler and
Stevenson 1982; Toole et al. 2004; Hieronymus et al. 2014).

Traditionally, WMT investigates heating and cooling terms over a large volume bounded by an
iso-surface. Building on this we leverage an implementation of the WMT framework which allows
us to calculate local cross-isothermal velocities and attribute them to specific diabatic processes,
namely vertical mixing, solar penetration, and horizontal diffusion. Importantly, it allows us to
retain spatial information about the processes.

We focus the analysis at 140°W, which is representative of the CT (marked with white cross
on Fig. 2b). We also show results for other longitudes where the TAO/TRITON array (https:
//www.pmel.noaa.gov/gtmba/pmel-theme/pacific-ocean-tao) samples both the equator

and at off equatorial locations (indicated with white squares on Figure 2a and b).

2. Data and Methodology

a. Model description and experimental design

We utilize output from an experiment with the ocean model ’Parallel Ocean Program” (POP2) at
0.1° horizontal resolution, with 10 m thick vertical levels in the top 200 m with spacing increasing
towards the bottom. The model configuration is identical to that described in Bryan and Bachman
(2015). The current experiment is forced with inter-annually varying atmospheric conditions de-
rived from the JRA-55 reanalysis (Kobayashi et al. 2015; Tsujino et al. 2018), which spans the

period between 1958 and 2018. The experiment is initialised at rest with potential temperature
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and salinity from World Ocean Atlas 2013 (Boyer 2013). All the terms in the temperature budget
(6) at each grid point are saved during runtime as 5-day averages. The analysis presented here is
restricted to the 36-year period 1983-2018, for which full heat budget output is available.
Chassignet et al. (2020) assesses the veracity of the simulation and compares it against other
high-resolution global models forced under the same protocol. Here, we present temperature and
zonal velocity profiles in comparison to TAO data (Fig. 1). The mean zonal flow and temperature
structure along the equator are well captured, with the agreement with observations slightly better
in the west (170°W) than in the east (110°W, Fig. 1). At 140°W, where we focus most of our
analysis, the center of the mean EUC is 20 m deeper and 10 cm/s stronger than observed. However,
the vertical shear in the upper 40-100 m is almost identical. The mixed layer in POP2 is slightly
deeper than in TAO at the same location, but the thermocline is nearly equally steep (while it is
a little more diffuse at 110°W). The total velocity variance (all time scales) in TAO is larger than
the total variance in POP2 through the column and at all locations (compare shading around the

velocity profiles in Fig. 1).

b. Analysis formulation

We diagnose volume transport across isotherms (cross-isothermal velocities, denoted w,;) to in-
vestigate the processes regulating the diabatic component of the vertical circulation in the eastern
tropical Pacific. The cross-isothermal velocity, w;, 1s defined as the difference between the ve-
locity of the fluid in the direction normal to the isotherm and the velocity of the isotherm itself

(Viudez 2001; Groeskamp et al. 2019)

wei = fir - (u—u*") (1)
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with temperature 7', velocity u, and

vT
Ap— 2
nr VT (2)

This cross-isothermal velocity w; can be understood as an entrainment velocity that diabatically
entrains water into the layer above the given isotherm. It is important to note that this is not
equivalent to the entrainment velocity that is used to understand mixed layer heat budgets, since the
layer here is defined by an arbitrary moving isotherm rather than a specific depth. We are hence not
evaluating a heat budget in a given volume, but rather employing the connection between the heat
budget and the volume budget in temperature coordinates to arrive at velocities with which water
masses are transformed (cross isotherms), and identify the physical drivers behind this diabatic
process. In other words, we investigate what forces water parcels to change their temperature in
the Lagrangian sense.

isoT

The motion of the isotherm , u**?", is obtained by noting that for an observer on the isotherm,

oT -
> +uT.vT =0. (3)
or
. oT
ul . vT = =0 (4)

where ¢ is time. Using the definition of the cross-isothermal direction, fiz, and substituting (4) in

(1) gives,

oT 1 DT
> )

1
Wei = W (u-VT—{—E = WE
Expression (5) relates the conservation of volume to the conservation of heat, a form of water
mass transformation analysis. The more conventional expressions for water mass transformation
relating transports to integrals of diabatic fluxes over control volumes bounded by isotherms or

isopycnals (Walin 1982) can be derived from (5) (Groeskamp et al. 2019). We choose to work
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with the form above to retain local information allowing us to identify where and under what flow
conditions parcels cross isotherms.

This framework allows us to identify the specific processes that contribute to cross-isothermal
motion by connecting the cross-isothermal velocity to the heat budget. The conservation of poten-
tial temperature (henceforth when referring to temperature we are working with potential temper-

ature) in POP2 (Smith et al. 2010) is given by

DT a [ (T R I

with surface boundary conditions

oT
Ka_z =0 = Qs
(7
I|z:0 = Qs

where K is the vertical diffusivity, kI is the countergradient flux in the boundary layer (both
diagnosed with the K-profile parameterization (KPP, Large et al. (1994), combined, the square
brackets in (7) make J), By, is the horizontal hyperdiffusivity (hence the second term on the right
hand side is horizontal diffusion, Hy;rr), po is density, ¢, is the specific heat of seawater, [ is the
downward radiation flux into the water column with depth z, O, is the net non-solar component
of the surface heat flux and Q; is the surface solar heat radiation flux. Penetrative solar radiation
based on climatological chlorophyll levels is calculated according to (Ohlmann 2003), based on a

double exponential. Substituting the right hand side of (6) into (5) gives,

1 aJ al
i=——— | == 4+ V-Hyrr4 = |, 8

where we abbreviate the vertical and horizontal diffusive heat fluxes with J and Hy; ¢ ¢, respectively.

The derivation thus far has considered the state variables and fluxes to be instantaneous quan-

tities. Practical applications using either observations or model output would more typically start
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with quantities averaged and sampled over some finite time- and space-scales. In the analysis be-
low, we evaluate w; using the temperature tendency, advective and diabatic fluxes saved as 5-day
averages accumulated during the model integration. With the available archived model output we
can calculate each term in (6) explicitly and satisfy the balance to roundoff error. Beginning with
these averages, we use a modified version of (8) that represents the 5-day mean cross-isothermal

transport across the 5-day mean position of the isotherm,

| 9T
Wei = — (- VT + 2=
Ve =T (“ +(9t)

1 — — - -
= [g—g +V'Hdiff+ 3—2 —p()CpV- (UITI):| + hot,

T

(\:/imlx thlff solar Weov

W ci ci ci

COV
Cl1

where the additional term in brackets (W) is the resolved eddy flux of temperature on timescales
less than 5 days, while higher order terms (ho?) arise from covariance between the diabatic fluxes
and the magnitude of the temperature gradient on sub-5-day timescales. With the available output
we can compute the resolved sub-5-day eddy flux, but not the higher order terms. In the text

below we refer to the contribution of a physical process on the cross-isothermal velocities with the

solar Vmix

notation wi™, wi™*, and so forth.
The velocities wz‘i’lar and wzimix quantify the impact of the vertical flux divergence, rather than the

flux itself (see (9)). For solar penetration, the downward flux steadily reduces with depth, hence
the divergence maintains one sign. This is not true for the vertical divergence of the turbulent
heat flux due to vertical mixing. For the eastern Pacific CT, the heat flux due to vertical mixing

typically peaks below the surface and then further decreases with depth; thus the divergence (and

Vmix
ci

vmix

v ) is minimum where the heat flux is maximum. w can therefore have both

therefore w

signs. Both solar penetration and vertical mixing induce cross-isothermal velocities through their
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vertical divergence. We note that when considering the cross-isothermal direction the resulting
velocities can be horizontal, depending on the direction of the temperature gradient. Consider
solar penetration near the surface at a vertically unstratified location. Warming the water parcel
means that its location relative to the isotherm changes, from the cold side to the warm side.

The diagnostics in (9) are readily evaluated at the model grid points, for both the total wy;
(first row Eq. 9), and for the individual terms (second row Eq. 9). In the analysis that follows
we present results in temperature coordinates. The remapping is performed by monotonic cubic
spline interpolation of each term on both sides of (9) for each 5-day average prior to any additional
averaging.

We examine which processes control WMT in the CT. We present results for 5°S to 5°N at
140°W, and we show the longitudinal dependence of w; for the mean field. We further examine
how w; and its drivers differ between El Nifo and La Nifia events at 140°W. Note that the mech-
anisms remain the same both west and east of 140°W with the same modulations as seen in the

mean field. We hence only present 140°W for the detailed analysis.

3. Results

At 140°W, in the climatological mean, cross-isothermal velocities w.; are positive across the
equator, indicating that cold water is transformed into warmer water. w,; is maximum on the
equator between 19°C and 25° with velocities up to 0.5 m/day (Fig. 2c). In the warmer temperature
classes, above 22°C, water mass transformation (WMT) also occurs within 1° of latitude off the
equator to the north and south. Above 24°C, the maximum cross-isothermal velocity does not
occur on the equator, rather it occurs poleward of 1° (Figure 2c). A significant amount of WMT

also occurs at temperatures higher than 26°C off the equator. Hatching in Fig. 2c implies that the

10



196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

isotherms exist less than 50 % of the time record. The impact of temporarily existing isotherms on
the results is further explained in the Discussion.

In the thermocline wg; is nearly vertical, while within the mixed layer, contours of constant
temperature are nearly vertical, making mixed-layer w.; nearly horizontal. This is illustrated by
the shape of the isotherms in Figure 2d: the 18°C-24°C isotherms are approximately horizontal,
making w,; approximately vertical. Isotherms above 24°C tilt indicating that fiy as defined in (2)
has a horizontal component. A comparison between the Eulerian (strictly vertical, w) velocity and
the cross isothermal velocity w; (Fig. 2¢ and d) shows that both are strongest in the thermocline
between 1°S-1°N, and both display a minimum on the equator near the surface.

The Eulerian velocity w is at least three times as large in the thermocline than the cross-
isothermal velocity wg;, consistent with findings by Meinen et al. (2001) and Bryden and Brady
(1985). This is also illustrated by the profiles at 0°, 140°W (Figure 2e). Both velocities peak just
above the core of EUC, where water flows east along upward sloping isotherms, and where strong
shear can foster mixing (Moum et al. 1989; Lien et al. 1995; Moum and Nash 2009; Smyth and
Moum 2013) which promotes WMT. Here, we confirm earlier studies that found upward motion
in the equatorial Pacific consists mostly of adiabatic flow along isotherms. Like others, however,
we also find that a considerable part of the upward motion is diabatic (compare diabatic w.; and
total vertical velocities in Fig. 2e) such that diabatic processes play a primary role in supplying
cold water to the mixed layer (Meinen et al. 2001; Bryden and Brady 1985; Weisberg and Qiao
2000).

The cross-isothermal velocity, we, cross section at 140°W (Fig. 2c¢) is very similar to that of other
locations in the CT: centered on the equator on the colder isotherms, splitting into two maxima
off the equator in the warmer isotherms (Fig. 3). The isotherms with large w¢; at each longitude

are are constrained by the location of the EUC maximum at each longitude, hence we find w; in

11
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warmer waters in the west and colder waters in the east. The maximum wy; is centered north of
the equator west of 125°W, and south of the equator east of 125°W.

The main drivers of WMT in the equatorial Pacific at 140°W are wf:‘i’lar and wzimix (Fig. 4). w?idiff

is orders of magnitude smaller than the other contributions (not shown), and eddy rectification
effects are also insignificant in the mean derived from 5-day averaged output (not shown; note
that here “eddies” refers to resolved small-scale transient motion on time scales less than 5 days
which are relatively weak, tropical instability waves (TIWs) are resolved at the timescales of our
calculation and their effect is included explicitly in the terms in the middle equality in (9) and

Vmix and thiff).

implicitly through their effect on velocity shear in the mixing terms w; o

solar
ci

Vmix

p and w

Near the surface, w largely cancel (compare w,; signal in the hatched region to the

solar
ci

solar
ci

vmix

o and w

signals of w in the hatched region in Figure 4). w’'?" acts to warm (Fig. 4d) the sur-

vmix solar
& opposes w

face and therefore moves water parcels from colder to warmer classes, while w
and cools the surface, causing water parcels to move from warmer to colder isotherms (Fig. 4b,
negative (blue) signal). In shallow layers where isotherms exist more than 50% of the time (not
hatched in Fig. 4), warming by solar penetration exceeds the cooling effect of vertical mixing,
leading to an overall positive signal. Note that w.; very close to the surface, i.e. in the warmest
isotherms, is nearly poleward, because the surface temperature gradient is dominantly meridional
rather than vertical.

In the thermocline the influence of solar radiation is weak. At the 24°C isotherm on the equator

and 140°W wzimix is the dominant (and in fact single) driver of water parcels moving from colder

solar
ci

Vmix

pe and w

to warmer classes (Fig. 4b). Throughout, the sum of w almost entirely recovers
the signal of w; (compare Fig. 4a and c). Thus, in the mean, w‘c’imiX drives WMT across the
thermocline, bringing colder water up in the thermocline, which causes cross-isothermal velocities

of up to a third of the total Eulerian vertical velocity (Fig. 2e, compare blue and orange lines).

12
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The strength of w,; strongly depends on the phase of ENSO. We define El Nifios in our simu-
lation (marked in red, Figure 5a) and La Ninas (marked in blue) when a warm/cold SST anomaly
above/below 0.4°C persists for at least 6 months. In the following calculations, we take averages
over all events per category during the 36 year record again focusing on the results at 140°W.

During neutral conditions (Fig 5¢), WMT occurs down to 20°C with w¢; of up to 1 m/day.
During La Nina (Fig 5d), WMT is strengthened and extends down to 18°C, while during El Nifio

WMT transformation almost shuts down (Fig 5b). For all three phases of ENSO the balance

solar

described for the mean still holds: w3}

drives WMT in the shallowest layer, which is largely

balanced by wy; of opposite sign arising from wY™X* (Fig Se&h, f&i, g&j). In the thermocline, for

C1

Vmix

temperatures between 20°C and 25°C near the equator, w

is responsible for nearly all cross-

vmix

isothermal velocity. wi™* is increased during La Nifia (Fig 5g) and decreased during El Nifio

vmix
ci

(Fig 5e) when compared to neutral conditions (Fig 5f). The variability of w explains the signal
in w; (Fig 5b-d).

To illustrate in more detail the dependence of the WMT on ENSO, we show an example of
the evolution of individual La Nifia and El Nifio events (Figure 6). During La Nifia, in the cool-
ing phase and during the phase in which cold sea surface temperatures are maintained (SST in
Figure 6a blue and orange lines, w¢; in 6 b and c), cross-isothermal velocities are large and are
driven by wzimix (similar to what is seen in Fig 5). When SST begins to rise at the end of a La
Nifa (Figure 6a green line, 6d w;), the w¢; reduces as the surface warms. During El Nifio events
(Figure 6f-1) in the warming and the warm phase (SST in Figure 6f blue and orange lines, w,; in
6 g and h), there is little WMT below the shallow surface layer, allowing the sea surface to warm.

During the decay of the warm SST anomaly, w,; grows, leading to surface cooling (Figure 6f green

line (SST), 6i: wg;).
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The time series of w; (0°, 140°W, color coded according to the phase of the ENSO3.4 SST
anomaly time series) show that the above examples are typical. During La Nifia conditions, en-
hanced WMT occurs across the 22°C isotherm (blue, Figure 6j), while during EI Nifio conditions
cross-isothermal velocity diminishes (red, Figure 6j). This is also true for other isotherms in the
thermocline (not shown). The dependence of WMT on ENSO also depends on longitude (Fig-
ure 6k). While the ENSO signal of w.; averaged over temperature classes are relatively weak in
the far eastern extent of the basin, the area between 110-170°W shows distinct differences depend-
ing on the ENSO phase (Fig. 6k). w¢; is enhanced during La Nifia throughout this longitude range,
and reduced during El Nifio.

In the thermocline, ENSO related w,.; modulation at 0°, 140°W is entirely due to wzimi" (Fig. 7a
and b). In the transition from El Nifio to neutral conditions to La Nifia conditions w¢; strengthens
and occurs at colder isotherms (Fig. 7a,b). For all times, most of the WMT occurs between 60-
120 m depth (Fig. 7b). During La Nifia, the region of water mass transformation expands down to

160 m (Fig. 7b, or 20-16°C, Fig. 7a).

vmix

To understand w™* variability we examine the vertical heat flux due to turbulence (J) and its

dJ . vmix ;

divergence ;. wi™" is calculated as follows:
z ci

VIMix __ 1 d_‘]
& T pe,|VT|dz

(10)
The vertical heat flux is enhanced throughout the thermocline during La Nifia, and penetrates
deeper in z-space (Fig. 7c, solid lines). This results in the heat flux divergence il—ﬁ penetrating into
deeper layers during La Nina, whereas Zl—é is greatly reduced during El Nifo (Fig. 7c, dashed lines).
The heat flux J calculated by the KPP mixing scheme below the mixed layer is dependent on

both the vertical temperature gradient and the diffusivity x:

dT
J=Kx—. 11
dz =

14
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Comparing the temperature structure among ENSO phases reveals that the temperature gradient
contribution to the heat flux J is reduced during La Nifia in most places of the water column
(Fig. 7d), especially in comparison to neutral conditions. The narrow range of the maximum of
the EUC is the exception, here both neutral conditions and La Nifia f{—f are larger than during El
Nino, with La Nifia ‘é—g slightly larger than neutral. The latter difference, however, is small.

The prominent factor leading to increased J and Z—g at the depth of the EUC maximum is the
strong increase in diffusivity k (Fig. 7e, solid lines). At depths where ‘fl—g is reduced (=~110-150m,
Fig. 7d), the increase in k overcomes the reduced temperature gradient and leads to an overall
increase in J and Zl—g during La Nina.

The mean vertical current shear of the zonal velocity component (Fig. 7e, dashed lines) shows
the reason for the increased k: enhanced vertical shear penetrates deeper into the ocean column
during La Nifia, which favors an increase in vertical mixing (Warner and Moum 2019).

The increase in total shear squared S during La Nifia (Figure 8c) leads to a reduced gradient
Richardson number Ri = 0.8 (Ri = %2 where N is the Brunt-Viisild frequency, and S is the
vertical velocity shear, Fig. 8e), which can enable mixing. In POP shear mixing is implemented
below values of Ri = 0.8 (second gray dashed line in Figure 8e), rather than the usual value of
Ri =0.25 (first gray dashed line in Figure 8e). The enhanced vertical shear stems mostly from the
zonal component of the flow (Fig. 8a and b).

We note that in addition to the increased shear and slightly reduced mean stability, POP fre-
quently produces convective mixing events due to density inversions during La Nifa phases (25%
of the time during La Nifia as compared to 8% of the time during El Nifio and 10% during neu-
tral conditions, diagnosed from a shorter run with hourly output, not shown). This strong mixing

enhances the mean diffusivity. Since we cannot be certain that these events occur with similar fre-

quency in the real world (they might be a result of the model numerical scheme), we have tested

15
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whether filtering out all occurrences of strong convective mixing influences the results, and find

that the dependence of w¢; on ENSO phase remains the same (not shown).

4. Discussion and Conclusions

In this study we calculate cross-isothermal velocities w¢; from high temporal and horizontal
resolution (5-day averages, 0.1°) global ocean model output. The model has been forced with
realistic surface fluxes to calculate climatological mean w.; from 5-day averaged heat budget terms
and w¢; modulation during ENSO phases.

Our methodology allows description of how w¢; varies in space across and along the equator,
which physical processes lead to local water mass transformation (WMT), and how it is mod-
ulated during large scale changes. Here, we focus on how physical regime changes related to
ENSO modulate WMT at 0°, 140°W. In the thermocline, where the three-dimensional tempera-
ture gradient is largely vertical, cross-isothermal velocities (w.;) describe diabatic vertical motion,
which can be separated from the adiabatic displacement of parcels along isotherms. The diabatic
component of vertical motion makes up to a third of the total vertical motion, which leaves two
thirds as adiabatic vertical flow (Fig. 2e). This partitioning holds in the mean, as well as for the dif-
ferent ENSO phases, during which Eulerian vertical velocities are modulated similarly to diabatic
velocities (not shown).

These results compare well to Bryden and Brady (1985) and Meinen et al. (2001). Bryden and
Brady (1985) find that 1/3 of upward transport crosses the 23°C isotherm; Meinen et al. (2001)
find a similar fraction. On the other hand, Weisberg and Qiao (2000) report diapycnal transport at a
rate similar to the kinematic transport, but note that this estimate is based on velocity and isotherm
slopes sampled at different scales, which might lead to larger error margins. Their point estimates

are larger than our values at 0°, 140°W. In contrast to the large estimate derived by Weisberg
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and Qiao (2000), Brown and Fedorov (2010) find that the contribution of diapycnal transport to
inter-annual variability is negligible, while they find non-negligible values in the mean. We find
a significant fraction of the total velocity to be cross-isothermal, as well as distinct modulation
during ENSO phases. Brown and Fedorov (2010) used a coarser ocean model with less vertical
layers (36 as opposed to 62 in POP2) and a different parameterization scheme for the ocean vertical
mixing. Furthermore, the shear in Brown and Fedorov (2010) is biased low, which reduces shear
driven mixing. This might explain some of the differences, and highlights the importance of testing
the robustness of results on diapycnal / diathermal processes in different models.

Averaging POP2 w¢; over the box used in (Meinen et al. 2001), i.e. 5°S-5°N, 155°W-95°W,
yields values of the same order of magnitude, but a little larger than what Meinen et al. (2001)
found (Fig. 9). The sign of the mean w; in our analysis is always positive, in contrast to the ob-
servational studies cited above, which find mean downwelling w,; below depths of 100 m (Fig. 9).
This discrepancy exists in the Eulerian mean w, as well. The model simulation does not produce
mean downwelling below the EUC. We demonstrate in this manuscript that w; in the thermocline
is driven by the divergence of the vertical mixing induced heat flux J. For w; to change sign again,
J would have to increase below the EUC, for which an energy source would be required. We note
that there are instantaneous values of downwelling, both in w (not shown) and w; (Fig.6j).

We present the cross-isothermal velocity w,; in temperature space. In depth space, long term
averages of this signal would be blurred by the large adiabatic vertical excursions of isopycnal
from thermocline heave. The 22°C isotherm, for example, almost always lies in the thermocline,
while the depth of the thermocline (and therefore the depth of the 22°C isotherm) varies from
about 70m to 170m (see contours in Fig 2a,b for the depth differences of the 22°C isotherms
between El Nifio and La Nifia). For shallower isotherms, w¢; as a function of temperature can only

be calculated when those isotherms exist (see Fig. 10c). To create a quantity that can be compared
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to the Eulerian w with units of ms™!

, we calculate the cumulative displacement of individual
isotherms owing to diabatic processes over a specified period of time, and then divide by the length
of that time period. In the thermocline, where the isotherms are always present, this does not affect
the results. Close to the surface, where (warm) isotherms occur intermittently, averaging over the
entire record length means that cumulative transformations across these temporary isotherms may
count little for the total displacement of water, depending on how long they exist in the record. We
include a comparison between the two averages, averaging over the time the isotherm exists only
(Figure 10a), and the entire record length (Figure 10b). The difference is largest in the warmest
layers, where isotherms may only exist during a small fraction of the total simulation (Figure 10c).
For long term records it makes sense to account for the cumulative effect of WMT. However,
during a field campaign of limited duration, one might expect results rather like Figure 10a than b.

We investigate the physical drivers that lead to cross-isothermal motion in the eastern equatorial
Pacific. In the shallowest layer, cross-isothermal velocities become meridional rather than ver-

tical, according to the horizontal direction of the temperature gradient. In this layer, two large

effects tend to cancel: downward solar penetration decreases with depth, inducing positive (in this

solar
ci

region poleward) w’*'®. ”Vertical” mixing in the shallowest layer acts against this effect, acting
to move warmer water “down” (equatorward; note blue shading in Fig. 4b). wz‘i’lar dominates, re-
sulting in WMT along the temperature gradient (transformation from low to high temperatures).
This balancing of solar penetration and mixing has also been stressed by Iudicone et al. (2008)
and Lengaigne et al. (2012).

In the thermocline, at 140°W nominally at temperatures of 18-25°C, wzimix is the dominant
contributor to w,j, and therefore drives the bulk of WMT. wzimix changes sign from the surface to

the interior, because the gradient of the heat flux due to vertical mixing changes sign: J increases

with depth until ~30 m, then decreases downward. The gradient of J indicates the sign and
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strength of WMT due to vertical mixing (see the first term on the RHS of (9)). In the shallowest

Vmix

(warmest) layer, the effect of wi™* is that water crosses mean isotherms from warm to cold, but

Vmix

W crosses mean isotherms from cold to warm.

in the thermocline w
Horizontal diffusion, eddy rectification, and higher order term effects on w; are orders of mag-

solar and wYmix

nitude smaller than w3} wi, when basing the calculations on 5-day averages. Because the

heat budget terms are averaged at each timestep and then saved as 5-daily means, the full effect of

Vmix
ci

tropical instability waves (TIW) on w is resolved, rather than represented by an “eddy mixing”
parameterization one would expect represented in the eddy rectification term. The small eddy rec-
tification term in our calculation only comprises sub-5-day eddies, which are weak (not shown).
With the 5-day averaged heat budget terms we resolve the mixing that results from eddy stirring
induced by TIW. TIW increase vertical mixing due to increasing temperature gradients and current
shear (Holmes and Thomas 2015). Separation of the effect of TIW would be possible, but requires
different averaging windows. We note that the TIW in this model are weaker than observed by a
factor of two. This is despite the relatively realistic representation of the EUC (Fig. 1). Rather it is
due to a weak south equatorial counter current north of the equator and a weak equatorial counter
current (not shown). This is at least partly attributed to deficiencies in the representation of wind
stress curl in the JRA-55do forcing product (Sun et al. 2019). These errors in forcing result in a
weak meridional shear north of the equator which in turn leads to reduced instability. However,
we note that there are significant asymmetries across the equator indicating the TIWs are present.
For instance,in Figs. Se-g positive wg; extend further north of the equator than south, especially in
Fig. 5g. This is consistent with TIWs being more active during La Nifia than during El Nifo. The

same argument holds for Fig. 6¢c. Modulation of w¢; on sub-annual time scales, such as with TIW

and the seasonal cycle, are the subject of a future study.
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We find that w; increases overall during La Nifia because of enhanced shear due to the large
scale adjustments of the circulation: strengthening of the EUC (Fig. 8b), and relatively strong
westward surface currents. Stability throughout the column is reduced, with only a thin stable
layer in the EUC core during La Nifia (Figure 8e). The combined effect of increased shear and
reduced stability leads to decreased Richardson number, with consequently enhanced vertical mix-
ing. These results are consistent with Lengaigne et al. (2012), who found that diabatic processes
contribute more than 70 % to the build up of water water volume leading to La Nifia events.

During El Nifno, WMT almost entirely collapses, leaving a larger role to play for adiabatic
processes. Eastward surface current anomalies reduce vertical shear above the EUC core, while
warmer upper-layer temperatures increase stability. These results indicate that the heat uptake in
the cold tongue, which has been argued to play a dominant role in closing the heat and water
mass transformation budget of the global ocean (Newsom and Thompson 2018; Holmes et al.
2019b), occurs mainly during La Nifia and normal years, and is significantly diminished during El
Nifio. Observational evidence for the reduced heat flux during El Nifio has recently been shown
by Warner and Moum (2019).

This analysis points to the importance of vertical mixing, which is a parameterized process in
climate models. The estimates presented here for w.; and turbulent heat flux variability agrees
well with the limited literature available (Holmes et al. 2019a; Huguenin et al. 2020). However,
more observational constraints are necessary to quantify these vital processes, build confidence
in the parameterizations, and improve upon them. Vertically resolved profiles between 2°S-2°N
extending to at least 150 m depth of temperature, velocity, and, importantly, turbulent heat flux are

needed to verify and validate our model.
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Fig. 7.

POP2 and TAO temperature [°C] and velocity [cm/sec] profiles on the equator at 170°W,
140°W, and 110°W. Envelopes around the profiles show one standard deviation (all time
scales). The following years have been chosen for the velocity comparison, according to
TAO data availability: May 1988 until August 2018 for 170°W, May 1990 until April 2018
for 140°W, and May 1991 until April 2016 for 110°W. Gaps in TAO data have not been
accounted for in sampling the model data. The total POP2 (1983-2018) and TAO records
(1988-2020) have been used for the temperature comparison. We note that neither the mean
nor the standard deviation of U or T significantly change when choosing shorter periods.

Sea surface temperature for exemplary El Nifio (a) and La Nifa years (b), with the depth
of the 22°C isotherm in gray. 36 year time averages of c) cross-isothermal velocity wg; in
temperature space [m/day], d) Eulerian vertical velocity in depth space [m/day], isotherms
in dark contours (spacing 2°C, zonal velocity in white contours (spacing 20 cm/s) across
the Equator from 5°S to 5°N at 140°W, and e) profiles of cross-isothermal velocity [m/day],
and Eulerian vertical [m/day] and zonal [m/sec] velocities at 0°, 140°W in depth space.
Hatching in c) corresponds to isotherms that are present for less than 50 % of the time. All
panels display POP2 model output and derived quantities. .

36 year time averages of cross-isothermal velocity w.; in POP2 in temperature space [m/day]
as in Figure 2c) across the 22 °C isotherm in the equatorial Pacific between 3°S to 3°N and
from the South American coast to 170°E. Below are cross sections for 165°W, 125°W, and
110°W, hatching indicates isotherms that exist less than 50 % of the time.

Main drivers of the cross-isothermal velocity w,; calculated according to Equation 8 from
the POP?2 full heat budget output, in temperature space averaged over the 36 year long time-
series. Terms shown are: a) total cross-isothermal velocity wg;, b) cross-isothermal velocity
attributable to vertical mixing wzimix, d) solar penetration wz‘i’lar, horizontal mixing, and c) the
sum of wzimi" and wz?lar. Eddy fluxes and horizontal diffusion are not shown, they are orders
of magnitude smaller than the terms shown. Hatching shows the region where isotherms

exist less than 50% of the time.

a) Nifno3.4 index in the forced simulation, w,; for El Nifio (b), neutral conditions (c), and La
Nifa (d), phases marked on the ENSO3.4 time series in a). wzimix for El Nifio (e), neutral
(f), and La Nifia (g), and wi‘i’l’“ for El Nifio (h), neutral (i), and La Nifia (j). w,; is calculated
according to Equation 9, w;’imix and wz‘i’lar are calculated from the second and first terms of
the RHS of Equation 8, respectively. All panels display POP2 model output and derived
quantities. . . . . .. L. .o

Examples of w.; modulation with ENSO in POP2 at 140°W during La Nifa (a-d), El Nifio
(f-1). Panels a and f show the SST time series of the event, separated into build up (blue),
maintenance (orange), and discharge (green) periods. Horizontal lines in (b-d) and (g-i)
show the location of the 22°C isotherm, and the vertical line shows the equator, for ori-
entation. Panel j shows the 5-day time series of cross-isothermal velocity across the 22°C
isotherm at 0°, 140°W, panel k shows the dependence of cross-isothermal velocity modula-
tion [m/day] on longitude in the form of column averages for the different phases along the
equator. Vertical lines denote the locations 125°W, 140°W, 155°W, 170°W, and 180°, for
orientation. e e e .o

POP2 profiles at 0°, 140°W for El Nifio (red), La Niiia (blue), and neutral (black) conditions.

a) and b) show cross-isothermal velocity in temperature and depth space, respectively. c)
shows the flux due to vertical mixing (solid, [w/m?]) and its divergence (dashed; [w/m3]),
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Fig. 8.

Fig. 9.

Fig. 10.

d) shows the vertical temperature gradient [°C/cm], and e) shows model diffusivity k (solid,
[m?/s]) and the absolute mean vertical shear of the zonal velocity (dashed; [1/s]).

POP2 profiles at 0°, 140°W for El Nifio (red), La Nifia (blue), and neutral (black) conditions.
a) and b) show meridional and zonal velocity components, respectively. c) and d) show total
shear squared and buoyancy squared, from which the gradient Richardson number Ri is
calculated, shown in e) and zoomed in on the upper 100 m in f). Dashed horizontal lines
show the depth of the EUC maximum per ENSO phase.

Comparison w,; over the Meinen et al. (2001) box 5°S-5°N, 155°W-95°W in temperature
space (values from Meinen et al. (2001) Figure 9 provided by C. Meinen). .

36 year average of the total cross-isothermal velocity at 140W across the equator. (a) shows
an average that takes into account each point only when the isotherm exists, which leads to
larger values close to the surface where isotherms are present only during some periods. (b)
shows the total sum of w; at a given point divided by the entire record length, regardless
of whether that isotherm exists at all times. (c) shows the amount of time a given isotherm
exists throughout the record at 0°, 140°W, left y-axis in years and right y-axis in percent of
time. (d) illustrates the difference of w; at 0°, 140°W between the two averaging methods.
All panels display derived quantities from POP2 model output.
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F1G. 1. POP2 and TAO temperature [°C] and velocity [cm/sec] profiles on the equator at 170°W, 140°W,
and 110°W. Envelopes around the profiles show one standard deviation (all time scales). The following years
have been chosen for the velocity comparison, according to TAO data availability: May 1988 until August 2018
for 170°W, May 1990 until April 2018 for 140°W, and May 1991 until April 2016 for 110°W. Gaps in TAO
data have not been accounted for in sampling the model data. The total POP2 (1983-2018) and TAO records
(1988-2020) have been used for the temperature comparison. We note that neither the mean nor the standard

deviation of U or T significantly change when choosing shorter periods.
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FI1G. 2. Sea surface temperature for exemplary El Nifio (a) and La Nifia years (b), with the depth of the
22°C isotherm in gray. 36 year time averages of c¢) cross-isothermal velocity w,; in temperature space [m/day],
d) Eulerian vertical velocity in depth space [m/day], isotherms in dark contours (spacing 2°C, zonal velocity
in white contours (spacing 20 cm/s) across the Equator from 5°S to 5°N at 140°W, and e) profiles of cross-
isothermal velocity [m/day], and Eulerian vertical [m/day] and zonal [m/sec] velocities at 0°, 140°W in depth
space. Hatching in c) corresponds to isotherms that are present for less than 50 % of the time. All panels display

POP2 model output and derived quantities.
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FIG. 3. 36 year time averages of cross-isothermal velocity w.; in POP2 in temperature space [m/day] as in

Figure 2c) across the 22 °C isotherm in the equatorial Pacific between 3°S to 3°N and from the South American

coast to 170°E. Below are cross sections for 165°W, 125°W, and 110°W, hatching indicates isotherms that exist

less than 50 % of the time.
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FI1G. 4. Main drivers of the cross-isothermal velocity w; calculated according to Equation 8 from the POP2
full heat budget output, in temperature space averaged over the 36 year long time-series. Terms shown are: a)
total cross-isothermal velocity wi, b) cross-isothermal velocity attributable to vertical mixing wzimix, d) solar

solar

o ", horizontal mixing, and c) the sum of wYmiX and w2 Eddy fluxes and horizontal diffusion

penetration w o i

are not shown, they are orders of magnitude smaller than the terms shown. Hatching shows the region where

isotherms exist less than 50% of the time.
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F1G. 5. a) Nifno3.4 index in the forced simulation, w,; for El Nifio (b), neutral conditions (c), and La Nina

(d), phases marked on the ENSO3.4 time series in a). wzimix for El Nifo (e), neutral (f), and La Nifia (g), and

solar

Wei

for El Nifio (h), neutral (i), and La Nifia (j). wg; is calculated according to Equation 9, w

Vmix
ci

and w

solar
ci

are calculated from the second and first terms of the RHS of Equation 8, respectively. All panels display POP2

model output and derived quantities.
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Fi1G. 6. Examples of w¢; modulation with ENSO in POP2 at 140°W during La Niifia (a-d), El Nifio (f-i).
Panels a and f show the SST time series of the event, separated into build up (blue), maintenance (orange), and
discharge (green) periods. Horizontal lines in (b-d) and (g-i) show the location of the 22°C isotherm, and the
vertical line shows the equator, for orientation. Panel j shows the 5-day time series of cross-isothermal velocity
across the 22°C isotherm at 0°, 140°W, panel k shows the dependence of cross-isothermal velocity modulation

[m/day] on longitude in the form of column averages for the different phases along the equator. Vertical lines

denote the locations 125°W, 140°W, 155°W, 170°W, and 180°, for orientation.
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F1G. 7. POP2 profiles at 0°, 140°W for El Nifio (red), La Nifa (blue), and neutral (black) conditions. a)
and b) show cross-isothermal velocity in temperature and depth space, respectively. c) shows the flux due to
vertical mixing (solid, [w/m?]) and its divergence (dashed; [w/m3]), d) shows the vertical temperature gradient
[°C/cm], and e) shows model diffusivity k (solid, [m?/s]) and the absolute mean vertical shear of the zonal

velocity (dashed; [1/s]).
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692 F1G. 8. POP2 profiles at 0°, 140°W for El Nifio (red), La Nifia (blue), and neutral (black) conditions. a) and b)
ss show meridional and zonal velocity components, respectively. ¢) and d) show total shear squared and buoyancy
s+ squared, from which the gradient Richardson number Ri is calculated, shown in e) and zoomed in on the upper

es 100 m in f). Dashed horizontal lines show the depth of the EUC maximum per ENSO phase.
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696 FIG. 9. Comparison w,; over the Meinen et al. (2001) box 5°S-5°N, 155°W-95°W in temperature space

s7  (values from Meinen et al. (2001) Figure 9 provided by C. Meinen).
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F1G. 10. 36 year average of the total cross-isothermal velocity at 140W across the equator. (a) shows an
average that takes into account each point only when the isotherm exists, which leads to larger values close to
the surface where isotherms are present only during some periods. (b) shows the total sum of w,; at a given
point divided by the entire record length, regardless of whether that isotherm exists at all times. (c) shows the
amount of time a given isotherm exists throughout the record at 0°, 140°W, left y-axis in years and right y-axis
in percent of time. (d) illustrates the difference of w,; at 0°, 140°W between the two averaging methods. All

panels display derived quantities from POP2 model output.
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