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ABSTRACT: Formation and evolution of barrier layers (BLs) and associated temperature inversions (TIs) were investi-
gated using a 1-yr time series of oceanic and air–sea surface observations from three moorings deployed in the eastern Pa-
cific fresh pool. BL thickness and TI amplitude showed a seasonality with maxima in boreal summer and autumn when
BLs were persistently present. Mixed layer salinity (MLS) and mixed layer temperature (MLT) budgets were constructed
to investigate the formation mechanism of BLs and TIs. The MLS budget showed that BLs were initially formed in re-
sponse to horizontal advection of freshwater in boreal summer and then primarily maintained by precipitation. The MLT
budget revealed that penetration of shortwave radiation through the mixed layer base is the dominant contributor to TI
formation through subsurface warming. Geostrophic advection is a secondary contributor to TI formation through surface
cooling. When the BL exists, the cooling effect from entrainment and the warming effect from detrainment are both signifi-
cantly reduced. In addition, when the BL is associated with the presence of a TI, entrainment works to warm the mixed
layer. The presence of BLs makes the shallower mixed layer more sensitive to surface heat and freshwater fluxes, acting to
enhance the formation of TIs that increase the subsurface warming via shortwave penetration.
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1. Introduction

Temperature, salinity, and density of seawater are typically
vertically uniform from the sea surface to the maximum depth
of convective overturning, referred to as the mixed layer
depth. Exchanges of heat, freshwater, and momentum occur
in the surface mixed layer at the interface of the atmosphere
and ocean. The depth of the mixed layer determines the heat
and freshwater content of the upper ocean and its sensitivity
to atmospheric forcing. Since the mixed layer temperature
(MLT) and salinity (MLS) are almost the same as the sea sur-
face temperature (SST) and salinity (SSS), respectively,
knowledge of the heat and freshwater balance within the
mixed layer is important to better understand heat and fresh-
water exchange between the atmosphere and the ocean.
Hence, the budget analysis of the MLT (e.g., Foltz et al. 2003;
Foltz and McPhaden 2005; Wijesekera et al. 2005; Dong et al.
2007; Girishkumar et al. 2017) and MLS (e.g., Foltz et al.
2004; Wijesekera et al. 2005; Ren and Riser 2009; Bingham
et al. 2010; Ren et al. 2011; Katsura et al. 2013) have been un-
dertaken in many different regions of the global ocean to
study climate variability, air–sea interaction, and the hydro-
logical cycle.

While the density-defined mixed layer depth (MLD) gener-
ally agrees well with the temperature-defined isothermal layer
depth (ILD), a mismatch is known to exist in some regions
(e.g., Sprintall and Tomczak 1992; de Boyer Montégut et al.
2007). In the case where the mixed layer depth is shallower
than the isothermal layer depth due to salinity stratification,

the region between these depths is called a barrier layer (BL;
Godfrey and Lindstrom 1989; Lukas and Lindstrom 1991).
The name BL is derived from its potential role as a barrier
against the vertical exchange of heat and momentum between
the sea surface and the subsurface. When a BL exists, the
cooling of the surface mixed layer through entrainment of the
cooler water from below the mixed layer and vertical diffu-
sion at the mixed layer base is potentially reduced because
the temperature within the BL is almost the same as the over-
lying mixed layer. Temperature inversions (TIs), a layer
where temperature increases with depth, are frequently found
within BLs, but the fresher stratification associated with the
BLs compensates for any potential density instability due to
the TI (Katsura and Sprintall 2020, hereafter KS2020). When
a BL is associated with a TI, the effect of entrainment and
vertical diffusion can lead to warming within the mixed layer.
Since BLs tend to be associated with a shallow mixed layer,
the existence of the salinity-stratified BL can make the mixed
layer more sensitive to surface heat, freshwater, and momen-
tum flux and modify the MLT and MLS balance. Indeed, BLs
can cause the acceleration of surface flow by trapping the mo-
mentum flux from the wind within the shallow mixed layer
above the BL (Roemmich et al. 1994; Vialard and Delecluse
1998a; Cronin and McPhaden 2002). For all these reasons,
BLs are thought to play an important role in air–sea interac-
tion and climate variability (e.g., Vialard and Delecluse
1998b; Masson et al. 2004; Balaguru et al. 2012).

In the eastern tropical North Pacific, BLs are distributed
along the SSS front on the southern border of the eastern Pa-
cific fresh pool (EPFP). The seasonal maximum of the BL in
this region occurs in boreal summer and autumn with a typicalCorresponding author: Shota Katsura, skatsura@ucsd.edu
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thickness of 20–30 m (KS2020). In boreal autumn, BLs in this
region tend to be associated with TIs. Southward Ekman ad-
vection driven by eastward wind was a prime contributor to
climatological BL and TI formation causing both freshening
and cooling of the surface layer through the tilting of the SSS
front (KS2020). Considering the extremely shallow mixed
layer above BLs in the eastern tropical North Pacific (typi-
cally 30 m; Suga et al. 2004; KS2020), BLs in this region po-
tentially have a significant impact on the MLT budget and
hence the SST variability compared to other regions where
BLs are present.

A multiyear field program to study the upper-ocean salinity
structure and the physical processes controlling the salinity
balance, known as the Salinity Processes in the Upper-Ocean
Regional Study 2 (SPURS-2), was conducted in the eastern
tropical Pacific (Lindstrom et al. 2019). The focal site of the
SPURS-2 field program was around 108N, 1258W in the west-
ern part of the EPFP (Fig. 1). The EPFP is a relatively ho-
mogenous pool of low mean SSS (,34.0) resulting from the
high precipitation that varies seasonally due to the meridional
shift in the intertropical convergence zone (ITCZ; Fig. 1). The
semisynoptic shipboard measurements undertaken during
two SPURS-2 cruises in 2016 and 2017 showed that BLs

within the EPFP were associated with surface freshening both
by precipitation and Ekman advection (Katsura et al. 2021).
The transition zone between the EPFP and the SSS front was
a critical region for BL and TI formation through the tilting
of the SSS front with geostrophic advection playing a domi-
nant role in this process (Katsura et al. 2021). However, the
formation of BLs and TIs during the two cruises suggested a
relatively patchy distribution that can potentially reduce the
effectiveness of the BL impact on heat exchange through en-
trainment or through air–sea interaction. Nonetheless, the
cruise data were too limited in time and space to determine
the persistence of BLs and TIs, much less to examine their
role in the MLS and MLT budgets.

The overarching goal of this study is to investigate the im-
pact of the presence of BLs and TIs in the EPFP on the MLT
and MLS balance. During the SPURS-2 field campaign, three
moorings were deployed within the EPFP (Fig. 1), and each
recorded time series of the temperature and salinity profiles
for about one year. The year-long time series of daily mooring
observations enable the determination of more detailed char-
acteristics of the BLs and TIs within the EPFP such as their
formation, persistence, and decay and their influence on the
MLS and MLT budgets. Moreover, the spatially fixed time se-
ries from the mooring allows us to evaluate the impact of
the BL on the entrainment cooling and the sensitivity of the
mixed layer to the surface flux, something that was not possi-
ble with data from Argo profiling floats (KS2020) or from the
synoptic SPURS-2 shipboard surveys (Katsura et al. 2021).

2. Data and methods

a. Data

Our analysis used the upper-ocean profile time series from
three moorings deployed in the eastern tropical North Pacific
as a part of the SPURS-2 field campaign: the mooring de-
ployed by Woods Hole Oceanographic Institution at 108N,
1258W (henceforth WHOI mooring; Farrar and Plueddemann
2019) and two moorings deployed by the NOAA Pacific
Marine Environmental Laboratory at 118N, 1258W (hence-
forth PICOSP01 mooring) and at 9.058N, 1258W (henceforth
PICOSP02 mooring; Fig. 1).

The WHOI mooring measured temperature and salinity
using discrete instrument sampling at ∼5-min intervals from
24 August 2016 to 6 November 2017 (Farrar and Plueddemann
2019). The vertical spacing between each sensor was ∼3 m
from 1 to 25 m and ∼5 m from 25 to 101 m. Temperature and
salinity profiles at the WHOI mooring were vertically interpo-
lated into a 1-dbar interval using an Akima spline (Akima
1970). Potential temperature (u) and density (su) were calcu-
lated after the vertical interpolation, and then all profiles were
daily averaged. Horizontal currents were measured using a
series of both discrete current meters and acoustic Doppler
current profilers (ADCPs) strung along the mooring line.
The current profile between 3 and 285 m was interpolated
from the sensors into 1-m and 1-hourly bins.

Time series from the PICOSP01 and PICOSP02 moorings ex-
tended from 25 August 2016 to 3 July 2017 and from 22 August

FIG. 1. Distribution of mean sea surface salinity from Soil Moisture
Active Passive (SMAP) (black contours and color) and mean sea sur-
face temperature from Optimum Interpolation Sea Surface Temper-
ature (OISST) (magenta contours) averaged over (a) January–March
and (b) July–September in 2016–17. Black circles indicate the loca-
tion of the PICOSP01 (118N, 1258W), WHOI (108N, 1258W), and
PICOSP02 (9.058N, 1258W) moorings deployed as part of the
SPURS-2 field campaign. The westward North Equatorial Cur-
rent (NEC) and the eastward North Equatorial Countercurrent
(NECC) are schematically indicated by black arrows. White arrows
schematically indicate the southwestward wind in boreal winter in
(a) and the northeastward wind in boreal summer in (b) over the
SPURS-2 mooring sites.
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2016 to 2 November 2017, respectively. These moorings used
Profiling Crawler (PRAWLER) technology (Osse et al. 2015),
which are essentially small, low-cost moored buoys equipped
with a CTD that is powered by waves to move up and down the
mooring line, thus creating temperature and salinity profiles of
the upper ocean. The CTD on the PICOSP02 mooring operated
for 14 months with small gaps in the time series on 24–25 and
29 September 2016, while the CTD on the PICOSP01 mooring
failed in July 2017 after 10 months operation. The PICOSP01
and PICOSP02 moorings both measured temperature and salin-
ity profiles approximately every 3 h from ∼5 to 455 m (with
PICOSP01 between 5 and 362 m during the two months of
November and December), at vertical intervals of ∼1 m above
30 m and ∼2 m below 30 m. Like the WHOI mooring data, u
and su were calculated, and the profiles of salinity, u, and su

were daily averaged. The PICOSP moorings did not include
an ADCP.

All three moored buoys measured wind, air temperature
and humidity, which can be used to estimate the surface wind
stress, sensible and latent heat flux. The WHOI mooring also
measured the evaporation and precipitation as well as the
downward shortwave and longwave radiation, making it pos-
sible to estimate the net surface heat flux. For the WHOI
mooring, the turbulent sensible and latent heat fluxes were
computed using the COARE 3.5 algorithm (Fairall et al.
2003; Edson et al. 2013) using the measured SST [extrapo-
lated to the air–sea interface using the Fairall et al. (1996)
warm layer and cool-skin corrections], air temperature, rela-
tive humidity, wind, and surface current speed and direction,
downwelling solar and longwave radiometers, and surface air
pressure. Due to the failure of the relative humidity sensor at
the PICOSP02 mooring, turbulent fluxes on that mooring
could not be computed after 22 October 2016.

Comparison of wind stress at the WHOI and PICOSP
moorings, calculated using the COARE 3.5 algorithm, found
the wind stress at the PICOSP moorings had smaller ampli-
tudes compared to the WHOI mooring. One possible reason
could be that the wind sensors on the PICOSP moorings were
too low (∼1 m above water line), and thus within the wave
boundary layer. Hence wind stress and Ekman transport esti-
mated using the PICOSP mooring data were deemed unreli-
able. Instead, for the PICOSP moorings, we used the Cross-
Calibrated Multi-Platform (CCMP) wind product (see be-
low). To calculate relative wind stress to the ocean, we used
the COARE algorithm and the current from 3 m at the
WHOI mooring. The Ocean Surface Current Analyses Real-
Time (OSCAR; Bonjean and Lagerloef 2002; Johnson et al.
2007) product was also used to compute Ekman flow as de-
scribed in section 2c. The relative wind stress measured at
the WHOI mooring along with the heat flux estimated at the
WHOI and PICOSP moorings were all daily averaged.

Precipitation at the WHOI and PICOSP01 moorings was
measured for the entire time period of deployment. At the
PICOSP02 mooring, precipitation was measured from 22 August
2016 to 24 October 2017, which was 9 days shorter than the ob-
servation period of temperature and salinity profiles. To fill this
gap of precipitation at the PICOSP02 mooring, the NASA Inte-
grated Multi-satellitE Retrievals for GPM (IMERG) version 4.0

was used, which is a merged satellite precipitation product
available from 2014 every 30 min at 0.18 latitude 3 0.18 longi-
tude horizontal resolution (Kummerow 1998). The IMERG
precipitation and the rainfall observations at the SPURS-2
moorings showed good agreement over the deployment period
of each mooring although the rainfall observations at the
SPURS-2 moorings tended to be slightly larger than IMERG
(not shown).

Other data products used in the analysis are SSS from the
daily L3 8-day running mean 70-km version 4.0 product of the
National Aeronautics and Space Administration (NASA)
Soil Moisture Active Passive (SMAP; Meissner and Wentz
2019), SST from the Advanced Very High Resolution Radi-
ometer daily product of Optimum Interpolation Sea Surface
Temperature (OISST; Reynolds et al. 2007), and daily sea
surface height (SSH) from Copernicus Marine Environment
Monitoring Service (CMEMS). The horizontal resolution of
all these daily gridded data is 0.258 latitude 3 0.258 longitude.
The Cross-Calibrated Multi-Platform (CCMP) gridded
surface vector winds version 2.0 (Wentz et al. 2015) was also
used to calculate vertical velocity at the mixed layer base
in appendix B. The CCMP wind product is gridded to
0.258 latitude 3 0.258 longitude and 6 h. Wind stress at each
grid point was estimated from the CCMP wind relative to the
surface current at the WHOI mooring using the COARE 3.5
algorithm to compute the vertical velocity driven by the con-
vergence and divergence of the effective wind stress in
appendix B. The CCMP wind and wind stress showed a good
agreement with those observed at the WHOI mooring in
terms of phase, direction, and amplitude (not shown). The
CCMP wind and wind stress were daily averaged. The
OSCAR (Bonjean and Lagerloef 2002; Johnson et al. 2007)
product was used to compute Ekman flow at the PICOSP
moorings as described in section 2c. The OSCAR product is
meant to represent the average current of the upper 30 m
based on satellite observations with a horizontal resolution of
1/38 latitude 3 1/38 longitude and a 5-day temporal interval. A
good agreement was found between the OSCAR current and
the observed near-surface current at the WHOI mooring in
terms of phase, direction, and amplitude (not shown).

b. Definition of BLs and TIs

MLD, ILD, BL thickness (BLT), and the amplitude of the TI
were calculated from the daily averaged profiles at each SPURS-2
mooring following KS2020 and Katsura et al. (2021). The ILD
was defined as the depth at which potential temperature u

decreases by 0.28C from 10-dbar depth (de Boyer Montégut et al.
2007). The MLD was defined as the depth at which potential
density su increases from 10-dbar depth by the equivalent
value to a temperature decrease of 0.28C at 10-dbar salinity
(Sprintall and Tomczak 1992). The BLT was defined as the
difference between the ILD and MLD when that difference is
greater than zero. For BLT . 10 dbar, the amplitude of any
associated TI (Du) was defined as the difference between the
temperature at the vertical temperature maximum within the
BL minus the temperature at the MLD (KS2020).
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c. Mixed layer temperature and salinity budget

To evaluate the formation of BLs and TIs and their impact
on air–sea interaction, MLS and MLT budgets were con-
structed. The derivation of the MLS andMLT budget equations
starts with the approximate equations governing conservation
of salt, heat, and mass (e.g., Moisan and Niiler 1998):
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where S is salinity, T is temperature, u is zonal velocity, y is
meridional velocity, w is vertical velocity, F is the freshwater
flux, r0 is the reference density of seawater (1025 kg m23), cp
is the specific heat of seawater (3850 J kg21 8C21), and Q is
the heat flux. Combining Eqs. (1) and (2) with Eq. (3) and in-
tegrating each from the MLD (z 5 2hm) to the sea surface
(z 5 0) and adding the contribution of vertical turbulence
mixing, the MLS and MLT budget equations are derived as
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respectively (e.g., Moisan and Niiler 1998; Chi et al. 2021).
Here, Sm is the MLS, E is evaporation, P is precipitation, S0 is
sea surface salinity, hm is MLD, um is horizontal velocity aver-
aged over the MLD, Tm is the MLT, Qnet is the net heat flux
at the sea surface, Qpen is the penetration of the downward
shortwave radiation through the mixed layer base, Sent and
Tent are the effect of entrainment/detrainment on the MLS
and MLT budget, respectively, and Sturb and Tturb are the ef-
fect of vertical turbulence mixing at the base of the mixed
layer on the MLS and MLT budget, respectively. For the deri-
vation of the MLS budget equation (4), we used F 5 P 2 E
for z 5 0 and F 5 0 for z Þ 0. The “hats” indicate deviations
from the vertical average, so that, e.g., u(z)5 û(z)1 Tm. For
Eq. (4), the left-hand side indicates the tendency of MLS
(term 1), and the right-hand side represents the forcing terms:
evaporation (term 2), precipitation (term 3), horizontal advec-
tion (term 4), entrainment (term 5), and vertical turbulent

mixing (term 6). Similarly, for Eq. (5), the left-hand side indi-
cates the tendency of MLT (term 1), and the right-hand side
represents the forcing terms: net heat flux (term 2), shortwave
penetration (term 3), horizontal advection (term 4), entrain-
ment (term 5), and vertical turbulent mixing (term 6). For
both Eqs. (4) and (5), there is a contribution from a term asso-
ciated with the correlated vertical variations of temperature
and velocity (term 7), which has the form of the divergence of
a Reynolds correlation (or “eddy flux”). (Note, however, that
term 7 is not an eddy flux in the conventional meaning of the
term; that is, it is not associated with mesoscale or turbulent
fluctuations, per se.)

Of the forcing terms in the MLS budget equation (4), pre-
cipitation (term 3) and horizontal advection (term 4) are pos-
sible contributors to BL formation through surface freshening
(Figs. 2a,b; see also Cronin and McPhaden 2002). Precipita-
tion (term 3) can form a fresh lens at the sea surface resulting
in a BL formation (Fig. 2a). Evaporation (term 2) does not
contribute to BL formation since it works to increase surface
salinity and destabilize salinity stratification. Horizontal ad-
vection (term 4) can also contribute to BL formation by caus-
ing the surface freshening through the tilting of an SSS front
when the velocity has a vertical shear within the isothermal
layer (Fig. 2b). Similarly, among the forcing terms in the MLT
budget equation (5), net heat flux (term 2), penetrative short-
wave radiation (term 3), and horizontal advection (term 4)
are possible factors of TI formation through net surface cool-
ing (Figs. 2c,d). If net heat flux (term 2) is upward from the
ocean to the atmosphere, it works to cool the surface layer
and hence results in possible TI formation (Fig. 2c). The pene-
trative shortwave radiation (term 3) can contribute to TI
formation when the magnitude of the penetrative warming
below the mixed layer is larger than the MLT warming
(term 1; Fig. 2c). Similar to the BL formation, the horizontal
advection term (term 4) can also contribute to TI formation
through surface cooling and/or the tilting of an isothermal sur-
face where the resulting thermal destabilization is compen-
sated by salinity stabilization (Fig. 2d). Since entrainment
processes [term 5 in Eqs. (4) and (5)] and vertical turbulent
mixing [term 6 in Eqs. (4) and (5)] work to destabilize the sa-
linity stratification below the base of mixed layer and homoge-
nize the vertical salinity and temperature profile, these terms
do not contribute to either BL or TI formation.

The Tm and Sm were calculated as

Tm 5
1
hm

	0

2hm
udz; and (6)

Sm 5
1
hm

	0

2hm
S dz, (7)

respectively.
The net surface het flux (Qnet) was calculated as

Qnet 5 QSW 1 QLW 1 QLH 1 QSH, (8)

where QSW is the shortwave heat flux, QLW is the longwave
heat flux, QLH is the latent heat flux, and QSH is the sensible
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heat flux (downward positive into the ocean). The penetrative
radiation Qpen was calculated using (Paulson and Simpson
1977):

Qpen 5 QSW R exp
2hm
g1

1 (1 2 R)exp2hm
g2

[ ]
, (9)

where R is a separation constant (5 0.58), and g1 (5 0.35 m)
and g2 (5 23.0 m) are attenuation length scales (Jerlov 1976).
As noted above, for the PICOSP moorings, the shortwave
and longwave heat flux were not directly measured, so the val-
ues of QSW and QLW from the WHOI mooring were used.
When QLH and QSH were not available at the PICOSP02
moorings after 22 October 2016 we filled the temporal gaps
with values from the WHOI mooring.

The horizontal velocity (um) in the horizontal advection
term [term 4 in Eqs. (4) and (5)] was decomposed into Ekman
and geostrophic components,

um 5 uEk 1 ug, (10)

where uEk is Ekman velocity and ug is geostrophic velocity.
For the WHOI mooring, the uEk was calculated as

uEk 5 (uEk, yEk) 5 1
r0fhm

(t y
eff, 2t

x
eff), (11)

where, f is the Coriolis parameter, and t xeff and t
y
eff are the

zonal and meridional effective wind stress, respectively. The
effective wind stress teff 5 (t x

eff,t
y
eff) is

teff 5 t0 2 tp, (12)

where t0 is the wind stress and tp is the stress associated with
the pressure gradient-induced geostrophic shear (Cronin and
Kessler 2009; Cronin and Tozuka 2016). (In this sense, uEk in-
cludes components of both the conventional wind-driven
“Ekman” flow and the geostrophic shear flow. Hence, to dis-
tinguish uEk from the geostrophic velocity ug, we call uEk the
“Ekman velocity” and refer to 2uEk · =Sm as the “Ekman ad-
vection term” throughout this study.) The tp was calculated as

tp 5
gn
f

­r

­y
, 2

­r

­x

( )
(13)

where g is the gravity constant, n is the eddy viscosity, and r is
the seawater density at the sea surface estimated using SSS
from SMAP and SST from OISST. The eddy viscosity was cal-
culated as

n 5
t0

r0
­u

­z

( ) (14)

where u is the current velocity measured at the WHOI moor-
ing. In the end, however, the magnitude of tp at the SPURS-2
moorings was an order of magnitude smaller compared to the
wind stress t0 (e.g., at the WHOI mooring, the mean magni-
tude of tp 5 0.93 3 1022 N m22 compared to the mean mag-
nitude of t0 5 6.71 3 1022 N m22) since the SPURS-2
moorings were located within the EPFP where the horizontal
gradient of density was small (Fig. 1).

The ug at the WHOI mooring was calculated as the residual
velocity (ug 5 um 2 uEk), where um is estimated as the verti-
cally averaged ADCP total current velocity within the mixed

FIG. 2. Schematics of BL formation by (a) precipitation [term 3 in Eq. (4)] and (b) horizontal
advection [term 4 in Eq. (4)] and TI formation by (c) net heat loss at the sea surface [term 2 in
Eq. (5)] and shortwave penetration through the mixed layer base [term 3 in Eq. (5)] and (d) hor-
izontal advection [term 4 in Eqs. (4) and (5)]. Gray shading indicates the resulting BL in (a) and
(b) and the resulting TI (c) and (d). The thick line indicates the boundary between the salty and
freshwater in (a) and (b) and the warm and cool water in (c) and (d). The thick dashed line indi-
cates the ILD. After Cronin and McPhaden (2002).
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layer and uEk given by Eq. (11). For the PICOSP moorings,
the uEk was computed as the OSCAR current minus ug esti-
mated from the SSH gradient. The horizontal gradients of
MLS (=Sm) and MLT (=Tm) in the calculation of the hori-
zontal advection term in Eqs. (4) and (5) were obtained
from the gridded SSS from SMAP and SST from OISST, re-
spectively. The values of SSS and SST were smoothed by
taking the average of the grid points within a 2.58 radius of
the mooring locations using a weighting function d22, where
d is the distance in degrees. By using the horizontally
smoothed SSS and SST fields for =Sm and =Tm, our calcula-
tion of the horizontal advection term lacks the eddy compo-
nent. That is, when the horizontal advection term in Eq. (4)
is expanded as

um · =Sm 5 um · =(Sm 1 S′m), (15)

where the overbar indicates the long-term mean and the
prime indicates the anomaly from the long-term mean (eddy
component), our estimation corresponds to the first term on
the right-hand side of Eq. (15) (mean component) and does
not include the second term (eddy component). Thus, the sec-
ond term on the right-hand side of Eq. (15) is a part of the un-
resolved residual of the MLS and MLT budget [Eqs. (4) and
(5)] that will be pursued in appendix B.

For the estimation of the effect of the vertical turbulent
mixing Sturb and Tturb, we assumed that these terms are
driven by vertical diffusion and applied the following
parameterization,

Sturb 5 2
ky
hm

­S
­z

( )
; and (16)

Tturb 5 2
ky
hm

­u

­z

( )
, (17)

respectively, where ky is the vertical diffusivity. The vertical
differentiation of temperature (­u/­z) and salinity (­S/­z) was
calculated using the least squares method in the range be-
tween MLD and MLD 1 5 dbar. We used a constant vertical
diffusivity ky of 2 3 1025 m2 s21 (Farrar and Plueddemann
2019).

The full form of the entrainment terms Sent and Tent is

Sent 5
­hm
­t︸︷︷︸
1

1 u2h · =hm︸���︷︷���︸
2

1 w2h︸︷︷︸
3

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ (Sm 2 S2h)

hm
; and

(18)

Tent 5
­hm
­t︸︷︷︸
1

1 u2h · =hm︸���︷︷���︸
2

1 w2h︸︷︷︸
3

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ (Tm 2 T2h)

hm
, (19)

where u2h and w2h are the horizontal and vertical velocity at
the base of the mixed layer, respectively, and S2h and T2h are
the salinity and temperature at the MLD, respectively. The
entrainment term [Eqs. (18) and (19)] consists of the effect of
change of the MLD (term 1), lateral induction (term 2), and
vertical advection across the mixed layer base (term 3).

Because the vertical velocity at the mixed layer base (w2h)
and the horizontal gradients of MLD (=hm) are difficult to ob-
serve, many studies estimate only the ­hm/­t term [term 1 in
Eqs. (18) and (19)] and call this the “entrainment term,”
lumping the neglected terms into the residual (e.g., Cronin
et al. 2013; Farrar et al. 2015; Farrar and Plueddemann 2019).
Here, we will also use this truncated form of the entrainment
term, but we will attempt an estimate of the term related to
the vertical velocity term w2h (appendix B).

To estimate the entrainment term [term 1 in Eqs. (18) and
(19)], we applied an explicit formulation following Kim et al.
(2006). In the case of entrainment associated with the deepen-
ing of the mixed layer from hm(t) to hm(t 1 Dt) during Dt
[where hm(t1 Dt). hm(t)], we write

Tm(t)hm(t) 1
	2hm(t)

2hm(t1Dt)
u(z)dz 5 Tm(t 1 Dt)hm(t 1 Dt) (20)

based on the conservation of the heat quantity without any
other forcing. Here, the left-hand and right-hand sides of Eq.
(20) indicate the heat quantity of the water column from the
sea surface to hm(t 1 Dt) before and after deepening, respec-
tively. Equation (20) also works for the case of detrainment
associated with the shoaling of the mixed layer; in that case
the second term is subtracted, and the integral limits are from
hm(t) to hm(t 1 Dt) during Dt [where hm(t 1 Dt) , hm(t)].
Equation (20) can be transformed to

Tent 5
Tm(t 1 Dt) 2 Tm(t)

Dt

5
1
Dt

1
hm(t 1 Dt)

	2hm(t)

2hm(t1Dt)
u(z)dz 2 DTm(t)

[ ]
, (21)

where Dt5 1 day, andD is the deepening rate,

D 5
hm(t 1 Dt) 2 hm(t)

hm(t 1 Dt) : (22)

Positive and negative D indicates the deepening (entrain-
ment) and shoaling (detrainment) of the mixed layer, respec-
tively. The term Sent can be written in the same way,

Sent 5
1
Dt

1
hm(t 1 Dt)

	2hm(t)

2hm(t1Dt)
S(z)dz 2 DSm(t)

[ ]
: (23)

The calculation of entrainment terms using Eqs. (21) and
(23) is simply a finite-difference approximation to Eqs. (18)
and (19), neglecting the effect of lateral induction (term 2)
and vertical advection (term 3). The advantage of this calcula-
tion is the ability to explicitly evaluate the effect of BLs and
TIs on the entrainment term.

In this study, the eddy flux (term 7) in Eqs. (4) and (5)
was treated as a residual of the MLS and MLT budget be-
cause it cannot be accurately estimated without the hori-
zontal distribution of the vertical profile of horizontal
velocity (i.e., = · �0

2hm
ûû dz and = · �0

2hm
ûŜ dz). Hence, the fi-

nal form of the MLS and MLT budget equations used in
this study are
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­Sm
­t

5
ES0
hm

2
PS0
hm

2 uEk · =Sm 2 ug · =Sm 2
ky
hm

­S
­z

( )
1 Sent 1 RS; and

(24)

­Tm

­t
5

Qnet

r0cphm
2

Qpen

r0cphm
2 uEk · =Tm 2 ug · =Tm 2

ky
hm

­T
­z

( )
1 Tent 1 RT ,

(25)

respectively. Here, RS and RT are the residual of the MLS
and MLT budget, respectively. Each term in Eqs. (24) and
(25) was calculated using the daily time series of each variable
and a 31-day moving average was then applied to construct
the MLS (section 3b) and MLT (section 3c) budgets. The esti-
mation of an error for each term in Eqs. (24) and (25) is given
in appendix A, and the residual terms to the MLS and MLT
budgets are discussed in appendix B.

3. Results

As described in section 1, the three SPURS-2 moorings
were located within the EPFP (SSS , 34.0; Alory et al. 2012;
Guimbard et al. 2017) and north of the SSS front that was the
focus of the KS2020 study (Fig. 1). The southwestward trade
wind prevails in boreal winter and spring while the northeast-
ward wind prevails in boreal summer and autumn associated
with northward migration of the ITCZ (Guimbard et al. 2017;
KS2020). The seasonal climatology of KS2020 showed strong
surface freshening by precipitation at the location of the
SPURS-2 moorings occurs during boreal summer and au-
tumn, which reflects the seasonality of the ITCZ. The EPFP
shrinks eastward in winter (Fig. 1a) and extends westward in
summer (Fig. 1b). The SPURS-2 moorings were located in
the gap between the western and eastern Pacific warm pools
(KS2020), and within the meridional maximum of SST
(.288C) in summer (Fig. 1b) that migrates southward in win-
ter (Fig. 1a). The SPURS-2 moorings were also located in a
transition zone between the westward North Equatorial Cur-
rent (NEC) to the north and the eastward North Equatorial
Countercurrent (NECC) to the south (e.g., Farrar and Plued-
demann 2019; Katsura et al. 2021). Along the 1258W longi-
tude of the SPURS-2 moorings, the NEC is strong in winter
and weak in summer and migrates northward in autumn and
southward in spring (Liu and Zhou 2020). The NECC is strong
(weak) and migrates northward (southward) in summer–
autumn (winter–spring) in the eastern tropical Pacific (Hsin
and Qiu 2012).

Figure 2 shows the different scenarios that might result in
BL and TI formation. In the EPFP and at the SSS front, the
contribution of the horizontal SST gradient to the horizontal
density gradient is smaller than that of the horizontal SSS gra-
dient (KS2020; Katsura et al. 2021), which is favorable for BL
formation through horizontal advection (Fig. 2b). In addition,
SSS decreases and SST increases north of the SSS front
(KS2020; Katsura et al. 2021), which is favorable for TI forma-
tion through horizontal advection (Fig. 2d). During the SPURS-2

mooring deployments, both zonal and meridional SSS gradients
were dominant contributors to the density gradient almost
throughout the entire observation period at the mooring sites
(not shown), indicating that the horizontal advection of freshwa-
ter can result in BL and TI formation (Fig. 2b).

In the following subsections, we will explore the features of
BLs and TIs in the EPFP and their formation and subsequent
effect on the MLS and MLT budget.

a. BLs and TIs at SPURS-2 moorings

BLs and TIs at the SPURS-2 moorings showed seasonality
in their formation with most occurring in boreal summer and
autumn, consistent with the climatological study in the same
region (KS2020). At the WHOI mooring (108N, 1258W), the
ILD was ∼50 dbar in September–October 2016 (Figs. 3a,b).
The isothermal layer shoaled in boreal autumn and was only
∼20 dbar in December 2016. During boreal winter and spring
in January–May 2017, the isothermal layer deepened and
reached 75 dbar. The isothermal layer shoaled rapidly to
∼20 dbar over June 2017, but then deepened to around
50 dbar during boreal summer and autumn (July–October) in
2017. Likewise, MLD at the WHOI mooring was around
30 dbar during boreal autumn in September–December 2016
and deepened during boreal winter and spring in January–
May 2017 reaching 75 dbar (Figs. 3a,b). The mixed layer
shoaled in June 2017 and then stayed around 40 dbar. During
the boreal summer–autumn in September–December 2016,
salinity within the mixed layer was lower than 33.5 (Fig. 3a).
This freshening of the surface layer caused a shallower MLD
compared to the ILD, resulting in BLs in September–December
2016 (Figs. 3a–c). During this period, TIs were found within the
BLs with a peak amplitude of Du . 0.58C in October 2016
(Figs. 3b,c). Surface layer salinity was again ,34.0 in June–
October 2017, leading to BLTs of nearly 40 dbar (Fig. 3c). TIs
were also observed during this period, showing peaks occur-
rences in the middle of July, the end of August, and the middle
of October with Du . 0.38C.

To the north, BLs at the PICOSP01 mooring (118N,
1258W) showed a seasonality that is consistent with that at the
WHOI mooring, although the TIs were not as frequently
observed at the PICOSP01 mooring (Fig. 4). The ILD at the
PICOSP01 mooring was around 25 dbar during summer
and autumn in August–December 2016, then deepened to
∼80 dbar during winter and spring in January–May 2017 and
shoaled in June 2017 to 20 dbar (Figs. 4a,b). As at the WHOI
mooring, the variation of MLD at the PICOSP01 mooring fol-
lowed that of the ILD. The MLD ranged from 10 to 30 dbar
during summer and autumn in August–December 2016, deep-
ened during winter and spring in January–May 2017 to
80 dbar, and then shoaled to 10 dbar in June 2017. Surface
layer salinity was lower than 34.0 in August–December 2016
(Fig. 4a), causing a shallower MLD and hence BL formation
(Fig. 4c). BLT exceeded 10 dbar in September 2016 and de-
cayed in January 2017. When MLD and ILD shoaled in June
2017, BLs were also observed with a maximum BLT ∼20 dbar
occurring at the end of June 2017. TIs at the PICOSP01 moor-
ing were detected less frequently, and the amplitude of the
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TIs was smaller than at the WHOI mooring both in summer–
autumn 2016 and in summer 2017.

To the south, BLs and TIs at the PICOSP02 mooring
showed the same seasonality as the other two moorings, and
their amplitude was comparable to the WHOI mooring
(Fig. 5). ILD deepened from 20 dbar in August 2016 to
70 dbar in October 2016, shoaled during autumn in October–
December 2016 to 40 dbar, deepened again during winter and
spring in January–May 2017 to 70 dbar, then slightly shoaled

to ∼60 dbar during summer and autumn in June–October
2017 (Figs. 5a,b). MLD varied from 10 to 45 dbar and was
shallower than the ILD during summer and autumn in
August–December 2016 due to the presence of low-salinity
water (,34.0), leading to BL formation (Fig. 5c). MLD deep-
ened during winter and spring in January–May 2017 together
with the ILD, and BLs decayed. MLD shoaled to 10 dbar in
June 2017 in association with low-salinity water in the mixed
layer (,34.0). MLD ranged from 10 to 70 dbar during summer

FIG. 3. Daily time series of the vertical profile of (a) salinity, (b) u (8C), (c) BLT (dbar; black curve) and Du (8C; red
dots), and (d) wind stress t0 (N m22) at the WHOI mooring. Red and blue lines in (a) and (b) indicate the MLD and
ILD, respectively. Black dots in (b) denote the depth of the vertical temperature maximum where Du . 0.18C.
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and autumn in June–October 2017 and BLs with TIs were de-
tected over this period (Figs. 5b,c). TIs formed within BLs during
summer and autumn in August–December 2016, occasionally
reaching Du . 0.38C. TIs disappeared in January 2017 with the
decay of the BLs but reemerged at the end of May 2017 and per-
sisted during summer and autumn in June–October 2017.

The seasonality of BLs and TIs at the SPURS-2 moorings
was largely consistent with the seasonal climatology (KS2020).
However, the BL presence persisted during the boreal sum-
mer and autumn at all three SPURS-2 moorings (Figs. 3c, 4c,
and 5c). in contrast to the patchiness of the BL formation

observed during the two SPURS-2 cruises that also occurred
in these seasons (Katsura et al. 2021). The periods in which
BLs and TIs were observed at the SPURS-2 moorings corre-
sponded to periods of northeastward wind during summer and
autumn (August–November) in 2016 (Figs. 3d, 4d, and 5d).
Southwestward winds existed during winter and spring
(December–May 2017), returning to northeastward in summer
and autumn (June–October 2017). KS2020 showed that the
northeastward wind causes southeastward Ekman advection
across the SSS front located south of the EPFP, resulting in both
surface freshening and cooling and hence BL and TI formation

FIG. 4. As in Fig. 3, but for the PICOSP01 mooring. Wind stress t0 in (d) is from CCMP.
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through the tilting of the SSS front. BLs with BLT . 20 dbar
were also observed in the middle of March 2017 at the three
moorings (Figs. 3c, 4c, and 5c). This BL formation in March 2017
was associated with a distinct and unusual surface freshening
(S , 34.0) event at the three moorings (Figs. 3a, 4a, and 5a) that
was not evident in the climatology (KS2020).

b. MLS budget and BL formation

To determine the formation mechanisms of BLs observed at
the three SPURS-2 moorings, an MLS budget was constructed

using Eq. (24). Here, we focus on BL formation through surface
freshening. Appendix B will discuss the contribution of missing
processes to the residual terms. In general, the tendency of the
MLS [­Sm/­t; the left-hand side of Eq. (24)] showed good agree-
ment with the sum of the forcing terms [the right-hand side of
Eq. (24)] at the three SPURS-2 moorings although a mismatch
was found during some periods (Figs. 6a, 7a, and 8a). At all three
SPURS-2 moorings, the MLS tendency largely corresponded to
the variation of BLT. For example, the MLS tendency was nega-
tive from September to the middle of October 2016 (Figs. 6a, 7a,
and 8a) when BLT increased (Figs. 3c, 4c, and 5c), while after

FIG. 5. As in Fig. 3, but for the PICOSP02 mooring. Wind stress t0 in (d) is from CCMP.
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October 2016, the MLS tendency became positive, and BLT de-
creased. Around May and June 2017, BLs started developing
again and the MLS tendency became negative again. These re-
sults indicate that the BL formation and the variation of BLT at
the SPURS-2 moorings were dominated by surface freshening.

Precipitation was a prime contributor to the surface fresh-
ening at the SPURS-2 moorings and showed a seasonality cor-
responding to the presence of BLs. Surface freshening was
dominated by precipitation from September to December
2016 and again from June to October 2017 (Figs. 6b, 7b, and 8b)
when BLs were observed, and precipitation was small during
January–May 2017 when BLs decayed, reflecting the seasonal-
ity of the ITCZ (Figs. 3c, 4c, and 5c). At the PICOSP01 moor-
ing, precipitation freshening during the summer and autumn
was small compared to the other two moorings, corresponding
to thin BLs. These results indicate that precipitation contrib-
uted to the BL formation and maintenance through surface
freshening during summer and autumn at the SPURS-2
moorings.

Horizontal advection was a secondary contributor to the
surface freshening and the BL formation at the SPURS-2

moorings. Strong freshening by geostrophic advection was ob-
served around March 2017 at all SPURS-2 moorings (Figs. 6b,
7b, and 8b) when BLT was .20 dbar (Figs. 3c, 4c, and 5c).
The geostrophic advection was dominated by the zonal compo-
nent at the WHOI and PICOSP01 mooring (Figs. 6c and 7c)
that was driven by the westward NEC (not shown), while the
meridional component was a dominant contributor to surface
freshening at the PICOSP02 mooring (Fig. 8c) that was driven
by southward flow (not shown). At the WHOI mooring, fresh-
ening by Ekman advection was large in June 2017 when BLs
started developing and BLT . 40 dbar (Figs. 3c and 6b). This
Ekman freshening in June 2017 was dominated by the meridi-
onal component resulting from northward Ekman flow driven
by the southwestward trade wind (Figs. 3d and 6c). There is a
strong intraseasonal oscillation in geostrophic advection,
consistent with resonant forcing associated with the westward
passage of cyclonic winds (Mickett et al. 2010), and previous
observations of intraseasonal eddy/wave variability at this
site (Farrar and Weller 2006; Hasson et al. 2019). Zonal
geostrophic advection also worked to freshen the mixed
layer from the end of June to the middle of August 2017

FIG. 6. Time series at the WHOI mooring of the 31-day moving-averaged (a) ­Sm/­t (day
21;

red), and the sum of forcing terms (blue), and (b) each forcing term: evaporation (red), precipi-
tation (blue), Ekman advection (green), geostrophic advection (orange), vertical diffusion
(magenta), and entrainment (black). (c) Time series of zonal (solid line) and meridional
(dashed line) components of the 31-day moving-averaged geostrophic (red) and Ekman
(blue) advection terms.
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(Figs. 6b,c). This zonal geostrophic advection was driven by west-
ward flow, which could be the NEC or a northern flank of a cy-
clonic eddy centered at ∼8.58N, 1238W, as identified in the
OSCAR current field (not shown). At the PICOSP02 mooring,
freshening by Ekman and geostrophic advection, dominated by
meridional and zonal flow, respectively, was large in May–June
2017 corresponding to the beginning of BL formation (Figs. 5c,
8b, and 8c). At both these moorings, freshening by horizontal ad-
vection was exceeded by precipitation during the summer and au-
tumn (Figs. 6b and 8b). These results indicate that horizontal
advection was the secondary contributor to the surface freshening
and hence the BL formation at the SPURS-2 mooring. In particu-
lar, it appears that horizontal advection contributed to the initial
formation of BLs in summer 2017, and then the formed BLs
were maintained through surface freshening by precipitation.

Both evaporation and vertical diffusion worked to increase
MLS but played only a minor role in the MLS budget at the
SPURS-2 moorings (Figs. 6b, 7b, and 8b). Entrainment also
contributed to salinification of the surface mixed layer. The
contribution of entrainment to the MLS budget was large in
summer and autumn when BLs were observed and small in
winter and spring. This correspondence reflects the intensifi-
cation of salinity stratification at the mixed layer base.

In summary, the MLS budget analysis indicated that precip-
itation is the prime contributor to the BL formation at the

SPURS-2 moorings in boreal summer and autumn. Horizontal
advection plays a secondary role in BL formation, and its contri-
bution is largest in early summer when the BLs are first develop-
ing. These results contrast with the KS2020 climatological study
that showed tilting of the SSS front by horizontal advection was
the leading mechanism of BL formation while precipitation was
a secondary contributor to BL formation. This discrepancy is
probably due to the location of the SPURS-2 moorings, well
north of the SSS front (∼78N; Fig. 1). The SPURS-2 moorings
were located within the EPFP where a dominant contribution of
precipitation to the BL formation was observed during two
SPURS-2 cruises in 2016 boreal summer and in 2017 boreal au-
tumn (Katsura et al. 2021). Indeed, at the PICOSP02 mooring,
which at 98N is the southernmost among the SPURS-2 moor-
ings, Ekman advection contributed to the BL formation in au-
tumn 2016 and in early summer 2017 (Fig. 8b). The interannual
variability of wind might also result in the weaker freshening by
Ekman advection at the SPURS-2 moorings.

c. MLT budget and TI formation

To evaluate the formation mechanism of TIs associated
with BLs at the SPURS-2 moorings, an MLT budget was con-
structed using Eq. (25). Appendix B will discuss the contribu-
tion of missing processes in the residual terms. Here, we focus

FIG. 7. As in Fig. 6, but for the PICOSP01 mooring.
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on the TI formation through surface cooling. As for the MLS
budget, in general the MLT tendency [­Tm/­t; the left-hand side
of Eq. (25)] and the sum of the forcing terms [the right-hand
side of Eq. (25)] showed a relatively good agreement at the
three SPURS-2 moorings, and the MLT budget generally re-
produced the MLT variability (Figs. 9a, 10a, and 11a). The larg-
est discrepancy between the forcing terms and the tendency
terms at all three moorings occurred primarily at the beginning
of the observational record in September–October 2016.

Penetration of shortwave radiation was a major contribu-
tor to surface cooling at the SPURS-2 moorings during the
period when BLs and TIs were observed, and its variation
corresponded to the seasonality of TIs. Shortwave penetra-
tion largely contributed to the mixed layer cooling during
September–December 2016, became smaller from January–
May 2017 and then increased again after June 2017 (Figs. 9b,
10b, and 11b). During these periods, the MLT tendency
(­Tm/­t) was nearly zero and much smaller than the shortwave
penetration term, indicating that in the mixed layer, warm-
ing by shortwave penetration was balanced by other forcing
terms, but in the underlying layer the penetration of short-
wave radiation causes warming relative to the mixed layer.
This seasonality of cooling by shortwave penetration was in-
fluenced by the seasonality of the MLD and corresponded
well to the presence of TIs at the SPURS-2 moorings (Figs. 3c,
4c, 5c), indicating that shortwave radiation penetrates beyond

the mixed layer base and the heat is thus available for TI
formation.

Geostrophic advection also worked to cool the mixed layer
occasionally at the SPURS-2 moorings, while Ekman advec-
tion had little impact or mostly acted to warm the MLT. At
the WHOI mooring, zonal geostrophic advection driven by
the eastward NECC (not shown) contributed to surface cool-
ing from mid-October to mid-December 2016 but contributed
to mixed layer warming during the rest of the year (Figs. 9b,c).
Both Ekman and geostrophic advection were small or acted to
warm the MLT at the PICOSP01 mooring (Fig. 10b), indicat-
ing that horizontal advection did not contribute to the TI for-
mation. At the PICOSP02 mooring, geostrophic advection
contributed to the surface cooling and the TI formation in
September–October 2016 and again in June 2017, although the
cooling effect from advection was smaller than that of short-
wave penetration (Fig. 11b). In fact, at all three moorings, the
cooling by geostrophic advection was weak compared to the
shortwave penetration impact, indicating that geostrophic ad-
vection plays a secondary role in TI formation and Ekman
advection plays only a minor role.

While the net heat flux term was the largest contributor to
the MLT budget at all three SPURS-2 moorings, it mostly
worked to warm the mixed layer and so did not contribute to
the TI formation (Figs. 9b, 10b, 11b). At the PICOSP01 and
PICOSP02 moorings, net heat flux warmed the mixed layer

FIG. 8. As in Fig. 6, but for the PICOSP02 mooring.
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throughout the observation period except around Decem-
ber 2016 (Figs. 10b and 11b). Although vertical diffusion
and entrainment terms in the MLT budget at the SPURS-2
moorings showed a seasonality corresponding to that of the
presence of BLs and TIs, the sign of these terms over the re-
cord suggested they played little role in formation of either
BLs or TIs. At the three SPURS-2 moorings, both vertical dif-
fusion and entrainment contributed to the mixed layer cooling
during December 2016–May 2017 (Figs. 9b, 10b, and 11b)
when BLs and TIs were not observed (Figs. 3c, 4c, and 5c). On
the other hand, the contribution of vertical diffusion and
entrainment to the MLT budget was nearly zero or slightly
positive (warming) during September–November 2016 and
June–October 2017 when BLs and TIs were observed. This
implies that the cooling effect from entrainment and vertical dif-
fusion was reduced by the persistent existence of BLs and TIs
during these periods (Figs. 3c, 4c, and 5c). Although vertical
diffusion and entrainment acted to cool the mixed layer during
December 2016–May 2017, these processes cannot contribute
to TI formation because vertical diffusion and entrainment

processes work to homogenize the temperature difference be-
tween the mixed layer and the underlying layer.

In summary, penetration of shortwave radiation was a
prime contributor to the TI formation through the cooling of
the surface mixed layer relative to the underlying layer (i.e.,
subsurface warming). Geostrophic advection also contributed
to the surface cooling and occasionally to TI formation. Cool-
ing by vertical diffusion and entrainment was reduced during
the period when BLs and TIs were observed. In September–
November 2016 and in June–October 2017 when TIs and BLs
were found, the MLT tendency was almost zero, and the pres-
ence of TIs was not associated with the mixed layer cooling
(Figs. 9a, 10a, and 11a). This can be explained by the domi-
nant contribution of shortwave penetration which leads to TI
formation through subsurface warming rather than surface
cooling. At the northern-most PICOSP01 mooring, BLs with
TI were not observed as frequently as at the other two moor-
ings although the cooling by shortwave penetration was com-
parable to that at the PICOSP02 mooring and larger than at
the WHOI mooring. This is probably because the MLS during

FIG. 9. Time series at the WHOI mooring of the 31-day moving-averaged (a) ­Tm/­t
(8C day21; red) and the sum of forcing terms (blue), and (b) each forcing term: net heat flux (red),
shortwave penetration (blue), Ekman advection (green), geostrophic advection (orange), vertical
diffusion (magenta), and entrainment (black). (c) Time series of zonal (solid) and meridional
(dashed) components of the 31-day moving-averaged geostrophic (red) and Ekman (blue)
advection terms.
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the periods when BLs were present was higher at the PICOSP01
mooring (Sm . 33.0) than at the WHOI and PICOSP02 moor-
ings (Sm , 33.0) in September–October 2016, and hence the
salinity stratification was not strong enough to compensate the
density instability associated with TIs.

d. Impact of BLs and TIs on entrainment and surface
flux terms

The MLT budget in section 3c revealed that the cooling ef-
fect by entrainment was small during the period when BLs
and TIs were present. To further evaluate the impact of BLs
and TIs on the entrainment cooling effect, a scatter diagram
was constructed of the entrainment term [Eq. (21)] versus the
deepening rate D [Eq. (22)] for the three SPURS-2 moorings
based on the daily time series (Fig. 12). For the entrainment
cases (D . 0), the entrainment cooling was significantly re-
duced by the presence of a BL, and the entrainment effect
turned to warming (positive) when TIs existed. At the WHOI
mooring, entrainment worked to cool the mixed layer when
BLT , 10 dbar, and the cooling effect by entrainment in-
creased with the deepening rate (Fig. 12a). When BLs with
BLT . 10 dbar existed, the entrainment cooling was greatly
reduced, and the regression coefficient (20.02) was an order
of magnitude below that for cases without BLs (20.28).
When BLs were associated with TIs, the regression coefficient

was positive (0.07), and entrainment worked to warm the
mixed layer. Similar tendencies of the entrainment term and
the deepening rate for BL and TI presence were also found
for the PICOSP01 and PICOSP02 moorings (Figs. 12b,c). The
effect of BLs to reduce the entrainment cooling was larger at
the PICOSP02 mooring (Fig. 12c) where BLs were thick com-
pared to the WHOI mooring (Fig. 12a), and smaller at the
PICOSP01 mooring where BLs were thin (Fig. 12b). These
results indicated that entrainment cooling is significantly re-
duced by the presence of BLs, and the associated TIs worked
to warm the mixed layer through that entrainment. This sug-
gests that the BLT is an important factor impacting entrain-
ment cooling (Foltz and McPhaden 2009; Yan et al. 2017).

Detrainment (D , 0) worked to warm the mixed layer sep-
arating the cooler water from the mixed layer (Fig. 12). The
warming effect of the detrainment was reduced when BLs
were present (Fig. 12). At the WHOI mooring, detrainment
contributed to the mixed layer warming, and this detrainment
warming was reduced when BLT . 10 dbar compared to
when BLT, 10 dbar (Fig. 12a). Similar detrainment warming
effects were found at the PICOSP01 and PICOSP02 moor-
ings, and the warming effect of detrainment was small when
BLs existed (Figs. 12b,c). These results indicate that the exis-
tence of the BL affects not only the entrainment cooling but
also the detrainment warming. At the WHOI and PICOSP02

FIG. 10. As in Fig. 9, but for the PICOSP01 mooring.
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moorings, reduced detrainment warming did not show any
significant difference between cases with and without TIs
(Figs. 12a,c). This is because the detrainment process associ-
ated with mixed layer shoaling is independent of the vertical
temperature structure below the mixed layer.

The existence of BLs also affected the sensitivity of the
mixed layer to the surface heat flux (Figs. 13a,c). The contribu-
tion of net heat flux to warming of the mixed layer was signifi-
cantly larger when BLT . 10 dbar than when BLT , 10 dbar
(Fig. 13a). The surface cooling relative to the subsurface by

FIG. 11. As in Fig. 9, but for the PICOSP02 mooring.

FIG. 12. Scatter diagram of Tent (8C day21) calculated as part of the MLT budget and the deepening rate based on the daily time series
at the (a) WHOI, (b) PICOSP01, and (c) PICOSP02 moorings. Black dots indicate the cases for BLT , 10 dbar. Blue dots indicate the
cases for BLT. 10 dbar and Du , 0.18C. Red dots indicate the cases for BLT . 10 dbar and Du . 0.18C. Black, blue, and red lines indi-
cate the regression lines for each case calculated for positive and negative deepening rate.
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the shortwave penetration was also large when thick BLs were
present compared to the cases without thick BLs (Fig. 13c).
This difference in the sensitivity of the mixed layer to the sur-
face heat flux was due to the shallower mixed layer associated
with the presence of a BL. In particular, the strong surface
cooling by the penetration of the shortwave radiation associ-
ated with BLs implied that the existence of BLs assisted the TI
formation through subsurface warming brought about by
shortwave penetration.

The surface freshwater flux terms (evaporation and precipi-
tation) were also large depending on the presence of BLs
(Figs. 13b,d). The evaporation term at the SPURS-2 moorings
was slightly larger when BLs were present than when they
were absent (Fig. 13b), indicating that the mixed layer became
more sensitive to evaporation due to the BL presence. Larger
freshening of the mixed layer by precipitation was also found
when BLs were present (Fig. 13d). However, this approach
cannot distinguish the cause and effect between precipitation
and BLs. That is, we cannot determine if strong freshening by
precipitation contributed to the presence of thick BLs, and/or
vice versa.

4. Discussion and summary

BLs and associated TIs were investigated using the 1-yr-
long time series from the three SPURS-2 moorings that were
deployed in the EPFP. BLs at the SPURS-2 moorings were
thickest in boreal summer and autumn and decayed in boreal
winter and spring, which is consistent with the seasonal clima-
tology (KS2020). However, BLs were a persistent feature in

the mooring time series during these seasons in contrast to
the patchy distribution of BLs observed during the two
SPURS-2 cruises in late summer 2016 and autumn 2017
(Katsura et al. 2021). BLs were associated with TIs in boreal
summer and autumn at the WHOI and PICOSP02 moorings
while TIs were less frequently observed at the northernmost
PICOSP01 mooring. Salinity within the surface mixed layer
was low during boreal summer and autumn when BLs were
observed compared to the periods without BLs.

To investigate the mechanisms of BL formation and main-
tenance at the SPURS-2 moorings, an MLS budget analysis
was constructed. The MLS tendency largely corresponded to
the variation of BLT at the SPURS-2 moorings, indicating
that formation and maintenance of BLs were dominated by
surface freshening. Precipitation was a prime contributor to
the surface freshening, and seasonally corresponded to the
seasonality of BLs. Horizontal advection was a secondary
contributor to surface freshening, and its freshening effect
was occasionally large especially in summer 2017 when BLs
started developing. These results indicated that BLs were
likely initially formed by horizontal advection and then main-
tained through surface freshening by precipitation. The con-
tribution of entrainment to the MLS budget was large in
summer and autumn, when BLs were observed. Further east
at 958W, Mickett et al. (2010) found increased turbulent en-
ergy associated with near-inertial resonant forcing by atmo-
spheric tropical cyclones in boreal summer, this process may
also influence entrainment at our mooring sites.

The unusual presence of the BLs in March 2017 is related
to an episodic event of strong surface freshening through

FIG. 13. Mean values of temperature change (8C day21) due to (a) net surface heat flux and (c) penetration of short-
wave radiation and salinity change (day21) due to (b) evaporation and (d) precipitation terms at each mooring aver-
aged for BLT, 10 dbar (white bars) and for BLT. 10 dbar (gray bars) based on the daily time series.
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geostrophic advection. In the eastern tropical North Pacific,
mesoscale eddies can cause large SSS anomalies by horizontal
advection at their edges (Delcroix et al. 2019) and by trapping
and transporting water within their cores (Hasson et al. 2019).
Tropical instability waves are also known to cause strong SSS
anomalies in the eastern tropical Pacific (Lee et al. 2012; Yin
et al. 2014). The strong surface freshening and associated BL
formation in March 2017 at the SPURS-2 moorings may be
caused by these small-scale phenomena. Considering that the
BLs have a significant impact on the MLT budget as shown in
this study, these small-scale ocean dynamics may affect the
air–sea interaction through the BL formation. Further investi-
gation of the relationship of BLs and ocean dynamics on small
spatiotemporal scales is the subject of future work.

This study investigated BL formation based on the MLS
and MLT budgets (Fig. 2); however, there are missing pro-
cesses from our budgets that can cause BLs. To determine BL
formation through the tilting process, measurements of the
vertical shear of horizontal velocity within the isothermal
layer is needed (Fig. 2b). While a horizontal velocity profile
was measured at the WHOI mooring, at the PICOSP moor-
ings, recall that the horizontal currents were not directly mea-
sured and so the Ekman velocity uEk was computed as the
OSCAR current minus geostrophic velocity ug estimated
from the SSH gradient. At the WHOI mooring, we estimated
the tilting terms (KS2020) and found that the salinity tilting
term was negative in February–March and June 2017 (not
shown) when geostrophic and Ekman advection also contrib-
uted to surface freshening and BL formation (Fig. 6b). This
indicates that the surface freshening caused by the horizontal
advection during these periods was associated with the tilting
of isohalines resulting in BL formation, although the ampli-
tude of the salinity tilting contribution was smaller than that
of geostrophic and Ekman advection (not shown). The tem-
perature tilting term was near zero or positive almost
throughout the entire period of the WHOI mooring measure-
ments, indicating that the tilting process did not contribute to
the net surface cooling and hence TI formation (not shown).
This is consistent with the horizontal advection terms within
the MLT, indicating that horizontal advection did not contrib-
ute to TI formation (Fig. 9b). BLs can also be advected into a
region if the horizontal velocity flows from thick BL regions
to thin BL regions (Cronin and McPhaden 2002). This hori-
zontal advection of BLs is not resolved in our observational
analysis due to the lack of full three-dimensional fields of sub-
surface salinity, temperature, and velocity. Another unre-
solved contributor to the BL formation in this study is the
vertical stretching process. When the vertical velocity is not
uniform between the MLD and ILD, the BL can grow
through vertical stretching (Cronin and McPhaden 2002). To
resolve this process, a vertical profile of the vertical velocity is
necessary, which was unfortunately unavailable at the
SPURS-2 moorings and in fact is difficult to measure in gen-
eral. High-resolution ocean models might prove useful to pur-
sue the BL and TI formation at small spatiotemporal scales
along with unresolved forcing mechanisms not readily ob-
tained through in situ measurements (e.g., Veneziani et al.
2014; Saha et al. 2021).

An MLT budget showed that penetration of shortwave ra-
diation through the mixed layer base was a dominant contrib-
utor to the surface cooling at the SPURS-2 moorings with a
seasonality that indicated that TIs were mainly formed by
subsurface warming brought about through shortwave pene-
tration. Although cooling by shortwave penetration at the
PICOSP01 mooring was comparable to that found at the
other two moorings, TIs were less frequently observed. This
suggests the importance of surface freshening and the associ-
ated salinity stratification to the formation and maintenance of
the TIs that compensate the density instability at that site. A
secondary contribution to surface cooling and TI formation at
all three moorings was through geostrophic advection while
Ekman advection did not contribute at all to TI formation.
Cooling of the mixed layer by vertical diffusion and entrain-
ment was weak during the period when BLs and TIs were per-
sistently present.

At the three SPURS-2 moorings, the cooling effect from
entrainment was largely diminished when the BL was present.
When TIs were present, the entrainment effect acted to warm
the mixed layer. Detrainment warming was also limited by
the existence of BLs. This result indicated that BLs and TIs
have a significant impact on the contribution of entrainment
cooling and detrainment warming to the MLT budget. In ad-
dition, when BLs were present, the contribution from surface
heat and freshwater fluxes to the MLT and MLS, respectively,
became large compared to when the BLs were absent due to
the shallower mixed layer associated with BLs. This implies
that the presence of BLs affects the heat and freshwater bal-
ance within the mixed layer modifying its sensitivity to surface
fluxes. In particular, the existence of BLs assisted the TI for-
mation by enhancing the subsurface warming by shortwave
penetration.

In the past, the BL impact on the cooling effect of entrain-
ment has mostly been evaluated as a residual of the MLT
budget (e.g., Foltz and McPhaden 2009), so to the best of our
knowledge, our study provides the first direct evaluation of
how the BL and TI explicitly impacts on the entrainment
cooling based on observational data. The method applied in
our study will be useful to evaluate the BL impact on entrain-
ment cooling in other BL regions, such as the eastern Indian
Ocean where the BL presence is suggested to reduce the en-
trainment cooling during the active phase of the Madden–
Julian oscillation (Drushka et al. 2014; Pujiana and McPhaden
2018). We found that the presence of BLs reduces not only
the entrainment cooling but also the detrainment warming. In
the past, the contribution of detrainment to the MLT budget,
and also to the MLS budget, has been assumed to be negligi-
ble because it was assumed that detrainment had only a minor
effect on the MLT budget compared to entrainment (Cronin
et al. 2015). The reduced detrainment warming by the pres-
ence of BLs suggests it may be necessary to revisit the contri-
bution of the detrainment process to the MLT budget. The
BL impact on detrainment warming in other oceanic regions
is needed for a better understanding of the cause of MLT var-
iation and hence the heat exchange between the atmosphere
and the ocean.
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In contrast to the patchiness and porosity in the distribution
of BLs observed during the 2-month-long discrete SPURS-2
cruises (Katsura et al. 2021) that suggests intermittent forma-
tion of BLs, in the time series at the SPURS-2 moorings the
BLs showed persistence during boreal summer and autumn
(Figs. 3c, 4c, and 5c). The persistence of BLs implies that BLs
and TIs in the eastern tropical North Pacific play a significant
role in local air–sea interactions on different time scales, as
also evident through their demonstrated modification of the
MLT budget. For example, the surface temperature anoma-
lies in boreal and autumn in the eastern tropical North Pacific,
when BLs and TIs are present, play a critical role in the num-
ber and the intensity of tropical cyclones (Jin et al. 2014). Our
study suggests that BLs and TIs in the eastern tropical Pacific
can potentially contribute to the tropical cyclone genesis and
intensity through their impact on the MLT budget. In addi-
tion, since the BLs in the EPFP significantly modify the sensi-
tivity of the mixed layer to the surface heat and freshwater
fluxes, the presence of BLs can also affect the intensity of
the easterly trade winds and hence the ITCZ and the wind–
evaporation–SST (WES) feedback (Xie and Philander 1994).
Evaluation of the impact of BLs and TIs on the atmosphere is
an important future task to better understand their role in
air–sea interactions and climate variability.
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APPENDIX A

Error Estimation of the Mixed Layer Temperature and
Salinity Budgets

In sections 3b and 3c, the MLS and MLT budget was con-
ducted using Eqs. (24) and (25). Here, we describe how the
error of each term in Eqs. (24) and (25) was calculated fol-
lowing Farrar (2007) and Farrar and Plueddemann (2019)
based on the theory of error propagation. We also refer to
the instantaneous error of the Improved Meteorological
(IMET) system by Colbo and Weller (2009), which is the ob-
servational system employed at the WHOI mooring.

The error of MLT, DTm, can be expressed as

(DTm)2 5 ­Tm

­hm
Dhm

( )2
1

­Tm

­u
Du

( )2
: (A1)

Using Eq. (6) and

d
dx

	0

u(x)
f (z)dz 5 2 f (u)du

dx
, (A2)

the first term on the right-hand side of Eq. (A1) can be
written as

­Tm

­hm
Dhm 5 u(hm) Dhm

hm
2 Tm

Dhm
hm

, (A3)

where Dhm/hm was assumed to be 0.1 (10%; Farrar 2007).
The vertical interval of temperature and salinity profiles

at the WHOI mooring is almost uniform (3 or 5 m) in the
upper 100-m layer. Thus, for the WHOI mooring, the sec-
ond term on the right-hand side of Eq. (A1) was estimated
using the raw sensor data as

­Tm

­u
Du 5

Du���
N

√ , (A4)

where Du is the sensor error of temperature and N is the
number of sensors within the mixed layer. Equation (A4) is
correct only if the vertical spacing of sensors were uniform.
The error of MLS, DSm, at the WHOI mooring was also es-
timated by developing an analogous Eq. (A4) for salinity.
For the PICO moorings, the PRAWLER CTD technology
enabled significantly higher vertical resolution temperature
and salinity profiles. Hence, the second term on the right-
hand side of Eq. (A1) can be written as

­Tm

­u
Du 5

������������∑N
i51

(Du)2
√

N
, (A5)

for the MLD and analogously for the MLS, where N is the
number of vertically interpolated levels of temperature
profile within the mixed layer. For both Eqs. (A4) and
(A5), for the MLT we used Du 5 0.018C and for the MLS
we used DS 5 0.03. Finally, the velocity profile at the
WHOI mooring also had high vertical resolution, and so
an analogous equation (A5) was developed for Dum, where
Du 5 0.03 m s21.
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The error of the net heat flux term in Eq. (25) can be
written as

D
Qnet

r0cphm

( )[ ]2
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Qnet
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( )2
, (A6)

where DQnet is calculated as

(DQnet)2 5 (DQLH)2 1 (DQSH)2 1 (DQLW)2 1 (DQSW)2,
(A7)

with DQLH 5 5 W m22, DQSH 5 1.5 W m22, DQLW 5

3.9 W m22, and DQSW 5 5 W m22 (Colbo and Weller
2009). The error of the shortwave penetration term in
Eq. (25) was calculated as
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where D(1/g1) 5 1.7 m21 (60%), D(1/g2) 5 0.03 m21 (60%),
and DR5 0.145 (25%) (Farrar 2007).

The error of the evaporation term and the precipitation
term in Eq. (24) was calculated as
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respectively, where DE was estimated based on DQLH and
DS0 5 0.03 and DP 5 0.27 mm day21 were applied for both
the WHOI and PICOSP moorings (Colbo and Weller
2009).

The error of the Ekman advection term of the MLS bud-
get in Eq. (24) was calculated as
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Similarly, the error of the Ekman advection term of the
MLT budget in Eq. (25) can be calculated as
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The D(­Sm/­x) and D(­Sm/­y) in Eq. (A11) were esti-
mated from the error of SSS from SMAP based on the ad-
ditive propagation of error. The D(­Tm/­x) and D(­Tm/­y)
in Eq. (A12) were estimated from the error of SST from
OISST based on the additive propagation of error. The
geostrophic advection term in Eqs. (24) and (25) were cal-
culated in an analogous approach to Eqs. (A11) and (A12),
respectively.

For the WHOI mooring, the error of Ekman velocity can
be written as

(DuEk)2 5 Dt
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· (A14)

The error of the effective wind stress was estimated as

(Dtxeff)2 5 (Dtx0)2 1 (Dtxp)2, and (A15)

(Dtyeff)2 5 (Dty0)2 1 (Dtyp)2 (A16)

where Dtx0 5Dt
y
0 5 0:007 N m22 (Colbo and Weller 2009).

The error of the surface geostrophic stress was estimated as
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where D(­r/­x) and D(­r/­y) were estimated based on
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The error of the eddy viscosity was estimated as the 95% con-
fidence interval for the daily average of eddy viscosity, that is,

Dn 5
1:96 3 STD(n)���

N
√ , (A20)

where STD(n) is the standard deviation of n. The Dug at
the WHOI mooring was estimated from Dum and DuEk
based on the propagation of error.

For the PICOSP mooring, the error of the Ekman veloc-
ity was estimated as

(DuEk)2 5 (Dug)2 1 (Du)2; and (A21)

(DyEk)2 5 (Dyg)2 1 (Dy)2: (A22)

Here,Dug at the PICOSPmoorings was estimated based on the
error of propagation from the SSH error of CMEMS. For the
error of the Ekman current velocity derived from the OSCAR
product, we applied Du5 0.1 m s21 and Dy 5 0.08 m s21, which
are the root-mean-square difference from drifter velocities in the
region (1508–1008W, 108N) (Johnson et al. 2007).

For the error estimation of the vertical diffusion term (Figs. 6b,
7b, 8b, 9b, 10b, and 11b), vertical diffusivity limits of 1 3 1026

m2 s21 and 1 3 1024 m2 s21 were applied to Eqs. (24) and
(25). The upper limit of ky 5 1 3 1024 m2 s21 corresponds to
the order of the turbulence diffusivity at the mixed layer base.
For the error estimation of the sum of the forcing terms
(Figs. 6a, 7a, 8a, 9a, 10a, and 11a), we used the difference be-
tween the vertical diffusion term (ky 5 2 3 1025 m2 s21) and
the larger limit of the error bar (ky 5 1 3 1024 m2 s21).

For the estimation of the entrainment term, using Eqs. (6)
and (22), Eq. (21) was transformed into

Tent 5
1
Dt

1
hm(t 1 Dt)

	0

2hm(t1Dt)
u(z)dz 2

	0

2hm(t)
u(z)dz

[ ]{

2 DTm(t)
}

5
1
Dt

1
hm(t 1 Dt)

	0

2hm(t1Dt)
u(z)dz 2 Tm(t)

{ }
· (A23)

Thus, the error of the entrainment term can be written as

(DTent)2 5 1
Dt

D
1

hm t 1 Dt( )
	0

2hm(t1Dt)
u(z)dz

[ ]{ }2
1 (DTm)2

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ ·

(A24)

The first term on the right-hand side of Eq. (A24) was esti-
mated similar to DTm [Eq. (A1)] and DSent was estimated
in an analogous way to Eq. (A24).

APPENDIX B

Residuals of the Mixed Layer Salinity and
Temperature Budgets

In sections 3b and 3c, we constructed the MLS and MLT
budgets to investigate the formation mechanism of BLs and

TIs, respectively. Although the sum of the forcing terms
showed a relatively good agreement with the MLS and MLT
tendency at the SPURS-2 moorings, some mismatch oc-
curred as a result of missing terms in the budget [RS and RT

in Eqs. (24) and (25)]. For example, the eddy component of
horizontal advection (2um · =T′

m and 2um · =S′m) and the
eddy flux [term 7 in Eqs. (4) and (5)] are not accounted for
in the budget. In addition, we only consider the effect of
deepening and shoaling of the mixed layer in the calculation
of the entrainment terms [term 1 in Eqs. (18) and (19)] using
Eqs. (21)–(23), and the effects of lateral induction and
Ekman upwelling/downwelling on the entrainment [terms 2
and 3 in Eqs. (18) and (19)] were not included. The residual
terms RS and RT of the MLS and MLT budget, respectively,
can be expressed as

RS 52um · =S′m 2
(Sm 2 S2h)

hm
(u2h · =hm 1 w2h)

2
1
hm

= ·
	0

2hm
ûŜ dz; and (B1)

RT 5 2um · =T ′
m 2

(Tm 2 T2h)
hm

(u2h · =hm 1 w2h)

2
1
hm

= ·
	0

2hm
ûû dz: (B2)

The eddy component of the horizontal advection is as-
sumed to be driven by horizontal diffusion in applying the
following parameterization,

2um · =S′m 5 2kh=
2Sm, and (B3)

2um · =T′
m 5 2kh=

2Tm, (B4)

where kh is horizontal diffusivity. The vertical velocity at the
MLD, w2h, is assumed to be driven by the convergence and
divergence of the horizontal transport of the effective wind
stress (e.g., Yu 2011; Cronin and Tozuka 2016; Katsura et al.
2020),

w2h 5 =
t
y
eff

r0f
, 2

txeff
r0f

( )
5

= 3 teff
r0f

1
txeff
r0f 2

­f
­y

: (B5)

We are unable to accurately estimate the horizontal gra-
dient of the MLD (i.e., =hm) and the vertical profile of hor-
izontal velocity (i.e., = · �0

2hm
ûû dz and = · �0

2hm
ûŜ dz) from

the SPURS-2 mooring datasets and so lateral induction and
eddy flux will be part of the unresolved residual [i.e., left-
hand side of Eqs. (B1) and (B2)]. The contribution of hori-
zontal diffusion and Ekman upwelling was estimated and
compared to RS in Eq. (24) and RT in Eq. (25). A horizon-
tal diffusivity kh of 8 3 103 m2 s21 is appropriate at the
SPURS-2 mooring sites (Zhurbas and Oh 2004). Finally, to
estimate w2h, the effective wind stress [Eq. (12)] was esti-
mated from CCMP wind using the COARE 3.5 algorithm
and using the eddy viscosity [Eq. (14)] determined for the
WHOI mooring.
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Correlations and root-mean-square differences of the 31-day
moving-averaged MLS and MLT tendency [left-hand side
of Eqs. (24) and (25)] with the sum of forcing terms [right-
hand side of Eqs. (24) and (25)] and the residual terms are
given in Table B1. Here, the sample number (N) for the
significance of the correlations was estimated by dividing
the length of the time series (T) by 31 days (N 5 14 for
the WHOI mooring where T 5 438 days, N 5 10 for the
PICOSP01 mooring where T 5 312 days, and N 5 14 for
the PICOSP02 mooring where T 5 437 days). The MLS
and MLT tendencies showed higher and significant correlations

and smaller root-mean-square difference with the sum of
the forcing terms than with the residual terms except for
the MLS budget at the WHOI mooring. These statistics
imply that the constructed MLS and MLT budget better
explain the MLS variability at the PICOSP moorings and
MLT variability at the three SPURS-2 moorings than the
residual terms although the residual terms were not
negligible.

For the MLS budget, neither Ekman upwelling nor hori-
zontal diffusion were found to be balanced by the residual
term at the SPURS-2 moorings (Fig. B1). The effective

TABLE B1. Correlations of the MLS (­Sm/­t) and MLT (­Tm/­t) tendencies with the sum of the forcing terms (FT) on the right-
hand side of Eqs. (24) and (25), respectively, and the residual terms (RS and RT). Bold numbers indicate significant values at the
95% confidence level that are given by R 5 0.53 for the WHOI and PICOSP02 moorings and R 5 0.63 for the PICOSP01 mooring.
Values in parentheses indicate the root-mean-square differences. These statistics were calculated for the 31-day moving-averaged
time series.

WHOI PICOSP01 PICOSP02

­Sm/­t ­Tm/­t ­Sm/­t ­Tm/­t ­Sm/­t ­Tm/­t

FT 0.42 (0.013) 0.56 (0.017) 0.66 (0.010) 0.75 (0.017) 0.57 (0.011) 0.39 (0.022)
RS 0.72 (0.009) } 0.34 (0.013) } 0.43 (0.012) }

RT } 0.24 (0.019) } 20.16 (0.025) } 0.18 (0.024)

FIG. B1. Time series of 31-day moving-averaged MLS budget residual RS (day
21; black), hori-

zontal diffusion (red), and entrainment by Ekman upwelling (blue) at the (a) WHOI mooring,
(b) PICOSP01 mooring, and (c) PICOSP02 mooring.
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wind stress curl and w2h were positive (i.e., Ekman upwell-
ing) almost throughout the whole observation period. Since
S2h was saltier than the MLS, as salinity increased with
depth at the SPURS-2 moorings (Figs. 3a, 4a, and 5a), Ek-
man upwelling acted to increase the MLS (Fig. B1). For the
WHOI and PICOSP01 mooring, the amplitude of the Ek-
man upwelling term was smaller than that of the residual
term (Figs. B1a,b), and these two terms showed no signifi-
cant correlation (Table B2). At the PICOSP02 mooring, al-
though the Ekman upwelling term showed a comparable am-
plitude to the residual term such as in November–December
2016, the correlation was not significant at 95% confidence.

The horizontal diffusion term [Eq. (B3)] showed little agree-
ment in amplitude or phase and low correlation with the re-
sidual of the MLS budget at all of the SPURS-2 moorings
(Fig. B1; Table B2).

For the MLT budget, the variation of the residual did not
show an agreement with neither horizontal diffusion nor Ek-
man upwelling at the SPURS-2 moorings (Fig. B2). The am-
plitude of the Ekman upwelling term was smaller than that
of the residual, as also found in the MLS budget at the
SPURS-2 moorings (Fig. B2). Although the Ekman upwell-
ing showed a positive correlation with the residual term, the
correlation was not significant at 95% confidence (Table B2).

TABLE B2. Correlations of RS and RT with horizontal diffusion and Ekman upwelling. Values in parentheses indicate the root-
mean-square differences. These statistics were calculated for the 31-day moving-averaged time series. None of correlations are
significant at the 95% confidence level given by R 5 0.53 for the WHOI mooring, R 5 0.63 for the PICOSP01 mooring, and
R 5 0.55 for the PICOSP02 mooring. The sample number (N) for the estimation of the significance was the same as in Table B1, but
N 5 14 for the PICOSP02 mooring due to the short period of air–sea flux measurements used for the estimation of w-h.

WHOI PICOSP01 PICOSP02

RS RT RS RT RS RT

Ekman upwelling 0.18 (0.013) 0.47 (0.016) 20.23 (0.011) 0.40 (0.017) 0.40 (0.011) 0.29 (0.021)
Horizontal diffusion 20.07 (0.018) 0.13 (0.018) 0.13 (0.012) 0.50 (0.017) 20.05 (0.017) 20.48 (0.028)

FIG. B2. Time series of 31-day moving-averaged MLT budget residual RT (8C day21; black),
horizontal diffusion (red), and entrainment by Ekman upwelling (blue) at the (a) WHOI moor-
ing, (b) PICOSP01 mooring, and (c) PICOSP02 mooring.
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Thus, the residual of the MLT budget was not attributable
to the Ekman upwelling. As with the MLS budget, there was
little agreement and no significant correlation of the horizon-
tal diffusion amplitude and phase [Eq. (B4)] with the MLT re-
sidual at any of the SPURS-2 moorings (Fig. B2; Table B2).

For the MLS budget, although some of the residual at
the PICOSP02 mooring was potentially explained by Ek-
man pumping, the MLS residual during other periods at the
PICOSP02 mooring, and for the entire period at the WHOI
and PICOSP01 moorings, was not attributable to neither
Ekman pumping nor horizontal diffusion (Table B2;
Fig. B1). In particular, for the WHOI mooring neither Ek-
man upwelling nor horizontal diffusion were correlated
with the residual terms (Table B2). Furthermore, there was
a large discrepancy between the MLS tendency and the
sum of the forcing terms (Table B1; Figs. 6a and B1a) while
the residual term was significantly correlated with the ten-
dency (Table B1). The MLT residual at the three SPURS-2
moorings was also not explainable by Ekman pumping nor
horizontal diffusion or at least they were not significantly
correlated with the residual term of the budgets (Table B2;
Fig. B2). These results suggested that the residual terms of
the MLS and MLT budgets at the SPURS-2 moorings are
also partially due to the missing lateral induction term, the
eddy flux term, and/or the error associated with each forc-
ing term and, in particular, these missing processes likely
significantly contributed the MLS budget at the WHOI
mooring. Nonetheless, the error bars of the residual terms
mostly overlapped with zero (Figs. B1 and B2), suggesting
that the residual of the MLS and MLT budget are poten-
tially explained by the error associated with the forcing
terms. Although unsatisfactory, it is difficult to further pur-
sue the cause of the residual terms in the MLS and MLT
budget with our available dataset.
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