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Sharp and rapid changes in the sea surface temperature (SST) associated
with fronts and the diurnal cycle can drive changes in the atmospheric

boundary-layer stability and circulation. Here we show how a
one-dimensional surface ocean model forced with either high-resolution
or daily averaged surface fluxes can be used to distinguish diurnal versus
frontal SST anomalies observed from an uncrewed surface vehicle. The
model, forced with daily satellite fluxes, shows that the diurnal warming
is largest within the equatorial Pacific cold tongue of SST. The strong
persistent SST front north of the cold tongue is evident in both the oceanic
and atmospheric boundary-layer stability scales and, as a consequence,
inthe magnitude of the diurnal ocean warming. Using SST, barometric
pressure and surface wind measurements from moorings at 0°,95° W
and 2° N, 95° W, we show that the front in the SST diurnal warming results
inaweakened SST front in the afternoon and a corresponding reduced

meridional gradientin the barometric pressure that appears to contribute
to adiurnal pulsing of the surface meridional winds. To the extent that these
modulate the surface branch of the Hadley cell, these diurnal variations may

have remoteimpacts.

Surface wind observations' showing cuspy patterns clearly linked to
oceanic tropical instability waves (TIWs) demonstrated conclusively
that the ocean could force the atmosphere. In the two decades since
this seminal study’, there have been numerous investigations of atmos-
phericresponse to seasurface temperature (SST) fronts on a range of
scales throughout the global oceans®, with a lively debate about the
mechanisms. Are the wind anomalies caused by the SST front’s influ-
ence onatmosphericstability® or the SST front’simpact onabarometric
pressure gradient’? In a separate line of query, over the past several
decades, there has been a growing recognition that the SST diurnal
cycle can rectify into longer timescales, impacting air-sea fluxes of
heat®, momentum'®" and gas'>>, whichin turn canresultinlarge-scale

changes to the atmospheric hydrological cycle' ™. In this study, we
step back and consider how SST fronts affect patterns of diurnal SST
warming and how the SST diurnal cycle patterns potentially affect
barometric pressure gradients and large-scale circulation.

When winds are weak and solar radiation is large, a diurnal warm
layer can form™ with maximum stratification in late afternoon that is
subsequently eroded by night-time cooling and mixing. SST below
the diurnal warm layer is referred to as the foundation’ sea surface
temperature (T¢,). In late afternoon, when the diurnal layer is fully
formed, T, is found at 10 m or deeper. By contrast, at dawn, after the
diurnal warm-layer stratification is completely removed, the founda-
tionSST is the water temperature directly below the thermal skin layer's.
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Consequently, the bulk SST measured by anin situ sensor located a few
centimetres to a few metres below the surface, 7(z,,), can have a large
diurnal cycle, withamaximuminlate afternoonand a minimum thatis
equivalent to Ty, at dawn'>*?°, Throughout the diurnal cycle, the bulk
SST differs from the ocean skin temperature (7). The state-of-the-art
Coupled Ocean-Atmosphere Response Experiment (COARE) bulk-flux
algorithm??* thus includes an option to extrapolate the measured
bulk in situ SST to T, by estimating a warm-layer effect (AT, ,/m)
and/or a cool-skin effect (AT,,). The extrapolated skin temperature
isthen used to compute amore accurate estimate of air-sea fluxes.

Inthis Article, we show that the Fairall et al.** diurnal warm-layer
model (Fig. 1) used in the COARE bulk-flux algorithm, hereinafter
referredtoas F96, can also be used to extrapolate the measured bulk
SST to Ty, For SST and flux time series that cross fronts, extrapola-
tion of the bulk SST to a Ty, enables separation of SST anomalies due
to diurnal warming from anomalies due to fronts. In addition, we
show that F96 can be integrated for 24 hours to estimate the daily
averaged warm effect from daily averaged surface fluxes if we add a
parameterized wind gustiness to the daily averaged wind stress. This
then allows us to use daily averaged satellite-based fluxes to examine
the spatial patterns of the warm-layer effect that rectify into daily
and longer timescales. In places, this rectification can be larger than
the nominal cool-skin correction®?® of ~0.17 °C. Finally, the model
helps explain a curious and consequential feature observed across
the observing system™?, including from uncrewed surface vehicles
(USVs), satellite-based products and moored buoy time series: the
sharp SST front in the eastern equatorial Pacific results in a front in
the SST diurnal cycle.

Getting to the foundation

By definition, Ty, is the temperature of the water below the diurnal
warm layer. Thus, near-surface SSTs within the diurnal warm layer,
such as the 0.6 m SST measured by Saildrone, Inc. USVs during a mis-
sionto the eastern (-125° W) tropical Pacific (Fig. 2a,b), show daytime
warming with peak valuesin late afternoon and aminimum SST atdawn
(Fig. 2c). By contrast, the extrapolated T¢,,, shownin Fig.2c, computed
with the F96 model (Methods and equations (1)-(6)), smoothly tracks
dawn SST values. This good agreement with expected characteristics
of the foundation SST gives confidence that the model (equation (3))
accurately extrapolates the measured SST to Tiy,.

While daytime warming and night-time cooling can lead to large
diurnal SST variability at 0.6 m, sharp fronts and eddies canalso cause
large sub-diurnal variability in SST if the fronts are moving past the fixed
observing platform or if the observing platform is moving across the
front. In these cases, it is particularly useful to be able to extrapolate
the measured SST to a foundation SST to distinguish SST anomalies
due to fronts from SST anomalies caused by diurnal warming. As an
example, an abrupt front with T, change greater than1°Cin1km
can be identified in the record on 7 December 2017 near 2° N, 125° W
(Fig. 2c, top panel) and on 1 February 2018 near 2° N, 125° W (Fig. 2d
and Extended Data Fig. 1).

Extrapolated Ty, is computed for each 10 minute time step from
dawn to midnight while the accumulated heat fluxed into the ocean
is positive (Methods and equations (3)-(6)). At other times, Ty, is
assumed to be the measured SST—an assumption that is reasonable
~dawn but is not as good at midnight (Fig. 2d). The extrapolated Ty,
often has a discontinuity at midnight, when the warm-layer model
integration ends and the T, jumps to the observed bulk SST (Fig. 2d,
top panel). This could be caused by biases in the net surface heat flux or
wind stress. However, even without errors, terminating the integration
at midnight will cause a discontinuity since late-night measured SST
canstillbe within the deepening, weakly stratified warmlayer. In these
cases, the measured SST at midnight willbe warmer than T;,,. The best
estimate of Ty, from the measured SST will be at dawn when the diurnal
cycle reachesits local minimum.

warm

2 ATy, = AT,

T(Zm) . den = A

warm™ = cor

AT,

Fig.1|Idealized diurnal warm-layer temperature profile®. Trapping depth
(Dy) is estimated on the basis of the requirement that bulk Richardson number
across the warm layer always exceeds a critical value. The warm-layer effect

(AT, ,m) is twice the layer-averaged temperature change (AT,,,.,), estimated by
the surface forcing of a layer of depth D;. The bulk sea surface temperature 7(z,,)
istypically measured at adepth of 0.3-2.0 m; it is extrapolated to a subskin
temperature T, through addition of atemperature correction, AT, which
depends ona proportion of the warm-layer effect. We show that the remaining
proportion canbe used to extrapolate the bulk temperature to the foundation
surface temperature, T, Itisassumed that at dawn the diurnal warm layer is fully
mixed so that the measured 7(z,,) is equivalent to Ty, (Methods). Credit: sunicon,
Flaticon.com.

Warme-layer corrections froma24 hour
integration

The midnight discontinuity can be avoided by integrating the diur-
nal warm-layer model for 24 hours to estimate 24 hour averaged SST
warmingrelative to Ty, (Fig. 2d). Critically, this daily averaged diurnal
warme-layer effect can be estimated from daily averaged fluxes if a
parameterized gustinessisincluded in the daily averaged wind stress
(Methods and equations (7)—(9)). The gustiness component accounts
forthe difference between daily averaged scalar wind-stress magnitude
and daily averaged wind-stress vector magnitude and ensures that the
daily averaged wind-stress values used to force the warm-layer model
arenon-zero (Extended Data Fig. 2). Inclusion of a stochastic gustiness
has been shown to help performance of surface ocean mixed-layer
models forced with daily averaged winds®® and with 3 hour averaged
fluxes’. Likewise, the COARE bulk-flux algorithms*** add a gustiness
component to 10 minute and hourly averaged winds to account for
missing wind variance at convective timescales. The extrapolated
Tanbased on daily averages matches the predawn SST (Fig. 2d, second
panel), and the daily averaged temperature effects estimated from
10 minute and daily averaged fluxes (Fig. 2d, third panel) agree well
with mean and RMS differences of, respectively, 0.009 °Cand 0.04 °C.
These, together with the agreement between the daily averaged tem-
perature effect at 0.6 m and the envelope of diurnal high-passed vari-
ability (Fig. 2d, bottom panel), allgive confidence that satellite-based
daily fluxes can be used to explore patterns in the diurnal warming,
suchasthereduced SST diurnal cycle amplitude observed as the USV
crosses the large-scale front from -7° N to ~2° N (last two weeks of
November 2017 in Fig. 2c).
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Fig.2| TPOS 2017 mission Saildrone #1006 collage. a, Saildrone #1006
(SD1006) track, coloured by SST measured at 0.6 m. b, TPOS Saildrone.

¢, Measured SST (black) and extrapolated foundation temperature (7,) (red)
for the period10ctober 2017 to1January 2018, when the drone was south of
20.23° N plotted as alatitude section along ~125° W (upper panel) and time series
(lower panel).d, SST at 0.6 m (black) and extrapolated Ty, (red) from 10 minute
data (top panel) and from daily averaged data with 24 hour running-averaged
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SST shown in black (second panel). The third panel shows the difference between
the SST at 0.6 m and Ty, computed from 10 minute data (black solid), its 24 hour
running average (black dashed) and that computed from daily averaged data
(red). The bottom panel shows the daily high-passed SST at 0.6 m (black) and plus
and minus values of the diurnal warm-layer effect at 0.6 m estimated from daily
averaged data (red). Saildrone measurements and flux time series used in the

T €stimate are shown in Extended Data Figs.1and 2. Credit: b, Saildrone, Inc.

Effect of SST front on other boundary-layer fronts
With the more complete satellite-based flux fields now available?, we
reproduce the wind and SST patterns for the same day (3 September
1999) as the seminal study' in Extended Data Fig. 3 and 6 monthslater in
Extended DataFig.4. We see that,indeed, turbulent sensible and latent
heat fluxes have a cuspy TIW pattern similar to SST, with near-zero
turbulent heat fluxes into the cool eastern equatorial Pacific ‘cold
tongue’ water and large positive values (warming the atmosphere) to
the north in the frontal region (Extended Data Fig. 3). These positive
turbulent heat fluxesin the frontal region tend to both cool and desta-
bilize the surface oceanic boundary layer (OBL) and warm and desta-
bilize the surface atmospheric boundary layer (ABL). Consequently,
aswas hypothesized', the SST front acts as a front in the atmospheric
Monin-Obukhov stability length scale (Methods), L,,.,, with positive

and smallvalues (indicating surface stabilization of the ABL) over the
equatorial cold tongue and negative values (indicating destabilization)
over the warmer frontal region (Fig. 3a,b). As expected on the basis
of stability physics, weaker surface winds are found where the ABL is
stabilized, and higher winds are found where the ABL is destabilized.
Because heat is removed from the ocean and the OBL is destabilized,
no SST diurnal warm layer forms in this frontal region (Fig. 3c and
Extended Data Figs.3and 4).

In the equatorial Pacific cold tongue, net turbulent heat fluxes,
combined with enhanced radiative heat fluxes, produce a very strong
net surface heat fluxinto the ocean. This buoyancy flux, together with
the weak winds associated with the weakly stratified ABL there, strongly
stabilize the equatorial cold tongue’s OBL, as indicated by small and
positive oceanic Monin-Obukhov stability length scales, L, (Fig. 3b
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Fig.3|J-OFURO3 satellite-based fields for 3 September1999. a, Small positive
atmospheric Monin-Obukhov stability height scales, indicating regions of
stabilized ABL, in metres. b, Small positive oceanic Monin-Obukhov stability
depth scales, indicating regions of stabilized OBLs, in metres. ¢, The 24 hour
averaged temperature change in °C due to diurnal warming. SST contours with
1°C contour intervals are overlaid on all panels. All fields are based on daily
J-OFUROZ3 (ref. 29) fields (Methods).

and Extended Data Fig. 3). Not surprisingly, large SST diurnal warm-
ingis observedinthe cold-tongueregion, with daily average values of
~0.8 °C near 0°,125° W (Fig. 3¢c) for 3 September 1999. Furthermore,
TIW cuspy patterns in the SST front are evident not only in the ABL
and OBL stability fronts, but alsoin the front of the sea surface diurnal
warming (Fig. 3c).

Six months later (Extended DataFig.4), when the equatorial cold
tongue is less well defined, destabilizing turbulent heat fluxes (out of
the ocean) are found throughout most of the eastern tropical Pacific,
and positive and small L, (indicating ABL stabilization) is found only
over the coolest equatorial and coastal waters. In general, regardless
of season, when thereis surface stabilization of the ABL, there tends to
be surface stabilization of the OBL. However, the correlation between
L,mandL,.isnot perfect: astabilizing L, is not always associated with
astabilizing L,,, due to the different radiation absorption properties of
water and air. Surface radiative fluxes directly affect buoyancy within
the OBL but not within the ABL. Thus, ABL and OBL stability length
scales are most correlated in cloudy regions, such as in the stratus
deck of the coastal upwelling zones, the stratocumulus region of the
equatorial cold tongue and the deep convective cumulus regions
associated with the intertropical tropical convergence zones (Fig.3a,b
and Extended DataFig. 3).

Seasonal modulation of the diurnal variations

The Tropical Pacific Observing System (TPOS) mooring array, used
for monitoring and predicting EINifio/Southern Oscillation, hasbeen
observing hourly or better 1 m SST, thermocline depth and surface
meteorology for over 20 years®’, enabling analysis of diurnal cycle pat-
ternsinboth the ocean and atmosphere. In addition, select sites have
been enhanced to measure air-sea fluxes and barometric pressure,

eitheras partofaprocessstudy®**oras part of the OceanSITES network
of sustained observations®. Seasonal climatologies of ABL stability,
indicated by the air-sea temperature difference (Fig. 4), exhibit large
variability spatially and over timescales from diurnal and seasonal to
the mean. At all sites, with the exception of the eastern and central
equatorial Pacific, the ABL is unstable (surface air temperature is cooler
than SST) throughout the entire seasonal cycle. The largest unstable
air-sea temperature difference is found at 2° N in the eastern Pacific
andis probably due to the strong SST front there. While the SST diurnal
cycleat 0°,95° Wisrelatively large throughout the annual cycle (lower
right panel of Fig. 4), at 2° N, 95° W, the SST diurnal cycle is large only
during the warm SST season when the SST front is weak.

As previously found*, the wind-speed diurnal cycle (Extended
Data Figs. 5 and 6) is largest where the equatorial cold tongue and its
frontare most pronounced. The phasing of the meridional wind-speed
diurnal cycleat 0°,95° W (Fig. 5 and Extended DataFig. 5) is somewhat
similar to that found over land. This could suggest surface cooling at
night-time causes enhanced stability that shields the surface from
higher winds aloft, and warm daytime surface temperatures result in
enhanced turbulent mixing that carries high winds to the surface®.
Carefulinspection, however, shows that other processes besides stabil-
ityareat play. For one, as previously noted*, during August—-November
when the meridional wind diurnal cycleislargestat 0°,95° W (Extended
DataFig. 6), night-time ABL ismore, not less, unstable, compared with
other months (7, less than SST; Fig. 4).

Moored barometric pressure time series at 0°,95° W and 2° N,
95° W (Fig. 5b,c) show that while the semi-diurnal cycle in barometric
pressure dominates at each of these sites, the diurnal cycle dominates
inthe meridional pressure gradient and is roughly of the correct mag-
nitude (although 25% too large) and phasing to account for the diurnal
pulsinginthe surface meridional winds, as previously speculated®. If
the diurnal pulsing of the SST front (Fig. 5a and Extended Data Fig. 7)
was fully responsible for these diurnal pressure variations and resulting
surface meridional wind pulsing, the barometric pressure sensitivity
to SST variations would need to be roughly —0.4 hPa K™, which is over
three times larger than the pressure gradient response to SST front
variations associated with TIW?. This large apparent sensitivity sug-
gests that other correlated processes might also be at play, such as
differential heating of the troposphere across a mean cloudiness and
moisture front™.

Conclusion

There is growing recognition that accurate estimation of air-sea
exchanges of heat, moisture, momentumand gases depend on proper
representation of the ocean’s skin temperature, which is generally
coolerbut can occasionally be warmer than the bulk SST measured by
in situ sensors®**°, When computing air-sea fluxes with the COARE
bulk-flux algorithm, measured SST is extrapolated to the surface using
a cool-skin correction and a warm-layer correction estimated from a
simple one-dimensional mixed-layer model** (Fig.1). Inthis Article, we
show thatthe F96 warm-layer model canbe used to also extrapolate SST
toafoundation SST below the diurnal warmlayer. Furthermore, using
independent observations from the TPOS, including from satellites,
buoys and USV, we show that the F96 model integrated for 24 hours
can be used to estimate the daily averaged warm-layer effect from
daily averaged fluxes ifa parameterized gustiness isadded to the daily
averaged wind stress. This gustiness component is equivalent to the
sub-diurnal relative wind-speed variance, or equivalently to the dif-
ference between the daily averaged wind-stress magnitude and the
magnitude of the daily averaged wind-stress vector (Extended Data
Fig.8). We use asimple parameterization of the sub-diurnal gustiness
variance thatis based on SST* (Methods) since gustiness will be largest
in unstable ABL conditions and the ABL’s stability is correlated with
SST (Fig. 3). We also set aminimum value for wind stress, below which
we assume gustiness prevails (Extended Data Fig. 8). Developing and
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local time and were computed for the subset of days in the August-November
months for the years 2000-2003 when winds, SST and barometric pressure
were measured at bothsites. In ¢, the corresponding acceleration caused by
the pressure gradient anomaly is also shown in units m s d " on the left axis.
Standard errors are shown with dashed lines and assume that each day in the
composite is anindependent degree of freedom.

testing more sophisticated parameterizations of the diurnal gustiness
will be the subject of future studies.

Using satellite-based air-sea fluxes® to revisit the seminal
3 September 1999 case study’, it is shown that the eastern equatorial
Pacific cold tongue’s SST front is also a front in the SST diurnal warm-
ing, withalarge SST diurnal cycle that rectifies into the daily averaged

SST in the equatorial cold tongue. By contrast, SST diurnal cycle is
minimal in the warmer frontal regions flanking the equatorial cold
tongue. This SST diurnal cycle front represents a front in the OBL and
ABL stability length scales, with stabilized OBL and ABL where the
SST diurnal cycleislarge and destabilized OBL and ABL where the SST
diurnal cycle is minimized. We show that the strong diurnal warming
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onthe cold side of the SST front leads to adiurnal cyclein the strength
of the SST front (strongest at dawn and weakest in late afternoon),
which appearsto lead to a diurnal pulsing of the barometric pressure
gradient and meridional surface winds. To the extent that surface
heating (as opposed to direct heating of the atmosphere) plays a role
inthe ABL response to the diurnal (S1) thermal tide, one might expect
these SST frontal patterns to modulate not only the diurnal pulsing
of the surface branch of the Hadley cell, but also potentially other
aspectsof the large-scale atmospheric circulation. The novel USVs fill
animportantgap withinthe TPOS, providing high temporal-and high
spatial-resolution observations over large regions.

The diurnal cycle is a fundamental timescale, representing an
external forcing of Earth’s system. Daytime near-surface ocean strati-
fication cantrap momentumand other properties, leading to rectified
impacts on the ocean'®"****°_Because convective mixingis organized
at this timescale, it represents a critical building block process for
large-scale convection. By understanding the patterns of the diurnal
cycle, we canunderstand the large-scale patterns stabilizing and desta-
bilizingthe OBL and ABL and better understand patterns of convection
over the oceans. As such, the diurnal cycle acts as an excellent metric
for testing physics of numerical general circulation models.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41561-024-01391-8.
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Methods

Saildrone air-sea flux observations

Saildrones are wind- and solar-powered USVs manufactured and
piloted by Saildrone, Inc. Data used here are from drone 1006 during
the 2017 TPOS mission™ to the tropics at 125° W (Fig. 2 and Extended
DataFigs.1and 2). Measurementsinclude wind speed and direction at
SmheightinEarthcoordinates, air temperature and humidity at 2.4 m,
barometric pressure at 0.3 m, incoming solar radiation and incoming
long-wave radiation, SST at 0.6 mand surface currents at 6 m. Air-sea
fluxes were computed from 10 minute averages using the COARE*v.3.5
bulk algorithm. Intercomparisons againstamoored flux buoy*' suggest
Saildrone net surface heat flux and wind-stress errors are comparable
to the fluxmooring** (10 W m2and 0.007 N m™).

Satellite-based air-sea flux observations

Japanese Ocean Flux datasets with Use of Remote Sensing Observations
version 3 (J-OFURO3) is a global dataset of air-sea heat, freshwater
and momentum fluxes and related parameters (for example, SST)
derived from satellite-based observations®. The third-generation
product is available as daily means on a 0.25° grid for 1988-2017. It
should be noted that the nominal depth of the SST in the J-OFURO3
product is ambiguous as it depends on the treatment of SST from
multiple products. Its reliance on microwave satellite products,
however, suggests that the SST is probably closer to a subskin tem-
perature rather than a foundation temperature. Its net surface heat
flux had a mean bias relative to global buoys of -5.8 W m™ (excessive
oceanwarming)®.

Climatological diurnal cyclesin the tropical Pacific
High-resolution 10 minute SST at 1 m, solar radiation and wind-speed
data from National Oceanic and Atmospheric Administration’s
moored buoy array within the TPOS* over the period 0f 1998-2019
are used to create monthly, seasonal (3 month averaged) compos-
ites of the diurnal cycle. Barometric pressure on and off the Equa-
tor was available only during a process study® from 2000 to 2003,
thus limiting the climatological period for variables shown in Fig. 5.
When the zenith angle is large (as the Sun rises and sets), the shields
on the air temperature sensors are not necessarily effective at
blocking beams of sunlight from directly warming the sensor***.
Consequently, while we show the air temperature diurnal peaks in
Fig. 4, in this study we do not compute the diurnal cycle in the ABL
stability as represented by the SST minus surface air temperature
difference.

As afirst step towards creating the diurnal cycle composites, the
10 minute dataare hourly averaged, filtered witha 3 day high-passfilter,
andthenbinnedin24 hours of the day. The diurnal cycleis calculated by
averagingthe datain each hourly binwithits uncertainty measured by
thestandard error with the assumption that each dayisanindependent
degree of freedom. Seasonal climatologies were created by composite
analysis of daily data.

SST definitions

SST hasalarge vertical structure near the air-sea interface'®. The ocean
skin temperature (T, felt by the atmosphere is nearly always cooler
than the water just amillimetre below the surface®**¢*, By contrast,
solar radiation can penetrate the thermal skin layer, forminga diurnal
warm layer when winds and air-sea turbulent heat fluxes are weak.
Thus, bulk SST is typically referred to with its measurement depth,
thatis, 1 m SST. The foundation SST (Ty,) is the SST below the diurnal
warm layer. Estimates of T, from measurements of Ty, require cor-
rection for the cool-skin effect with magnitude AT, and a possible
adjustment for the warm-layer effect (AT, ,rm):

Tskin = Ttan + ATwarm — AT ool ()

F96 warm-layer model for computing foundation temperature
Because skin temperature is a key state variable for air-sea turbulent
(latent and sensible) heat fluxes, the COARE bulk-flux algorithm? %
includes a cool-skin correction and a warm-layer correction® based
on a simplified one-dimensional mixed-layer model*, forced by the
air-sea fluxes estimated using the measured bulk SST. Night-time
mixing is assumed to cause the bulk SST to be identical to the founda-
tion SST just before dawn. The diurnal warm-layer stratificationis also
assumed tobe uniformabove atrapping depth (D;) sothatthe AT, is
twice thelayer-averaged temperature change relative to Ty, measured
by the bulk SSTjust before dawnat-6:00LT (Fig.1). The T, canthenbe
estimated from a measured bulk SST at depth z,, according to:

Z
- - ATcool (2)

Tskin = T(Zm) + ATyarm Dy

The second term on the right-hand side of equation (2) is often
referred to as the warm-layer correction (for example, Fig.1), while the
third termis the cool-skin correction (typically 0.17 °C) (refs. 25,26).

For computation of the foundation temperature based on the
measured bulk SST, equations (1) and (2) can be rearranged accord-
ingto:

Zm
Ttan = T(Zm) — ATywarm + ATwarmD_T (3)

Note that the third term on the right-hand side of equation (3) is
the warm-layer correction for skin temperature extrapolations and
contributes only if the trapping depth is relatively shallow (not more
thantwice as deep as the measurement depth). The T, in equation (3)
canthusbe calculated for each time step and saved during runtime of
the warm-layer correction of the COARE bulk-flux algorithm® >,

The F96 warm-layer model modified for 24 hourintegration
Because a linear temperature profile above the trapping depth is
assumed, the warm-layer temperature change at the air-sea inter-
face will be double the layer-averaged temperature change, that is,
AT, pom = 2AT,,ye.. AsshowninFig. 1, F96 (ref. 24) estimates the vertically
averaged temperature and velocity changes within alayer above a trap-
pingdepth, D;, whichis defined as where the surface-forced conditions
relative to the foundation temperature reach a critical Richardson
number of 0.65. In particular:

1 ¢ @- Qpen !

AT pyer (€ :—/ Qo — Que)0t =
Iayer() pocCp,ocDT 6]_T( 0 pe )

o @)
poc Cp,ocDT 6LT

t t
1 1, —2 —
Aulayer(t) = D_T 6LTuiocat = D_T(u*,oc + gUStoc) 6LTat 5

op
—AT
gar layer T

> = 0.65
2poc Aulayer

Ri, =

where p, is surface ocean density, C, .. is the heat capacity of water, g
is gravity, the overbarsindicate an average from 6:00 LTto time ¢, Q, is
the net surface heat flux into the ocean surface, u, .. is the oceanic
frictional velocity estimated from the wind stress and gust__ is the
variance (‘gustiness’) in u,. .. (see the following). Penetrative radiation,
Qe isestimated from the net solar radiation (Qyy ., thatis, incoming
minus reflected solar radiation) and an absorption profile, f, evaluated
atthe trapping depth:

Qpen(z = DT) = st,netf(DT)
f=1(0.004(1- exp(-D;/0.014)) + 0.096(1 - exp(-D1/0.36))
+[5.77(1 — exp(-D1/12.82))] ) /Dy
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Wellist here the full absorption polynomial used in the latest ver-
sion of the COARE bulk algorithm’s warm-layer model***°, although
typically for the 24 hour integration, only the term within the square
bracketsis significant.

Using equations (4) and (5) within the Richardson number and
defining the thermal expansion coefficient as a = —(1/p,.)(dp/0T), the
trapping depth at time ¢ can then be expressed as:

¢ 9
1/2 S o1 0c0t

(6)
1/2
[ag /61 1(Qo — Qpen)t]

Dy = [ZRicrpocCD,OC]

2Ri€fp0C CD,OCI

ag(Qo — Qpen)

To ensure that AT, is positive definite, the model integrations
in equations (4)-(7) are performed only when heat flux is stabilizing
(thatis, Q, >0 W m™). At other periods, it is set to zero and the bulk
SSTis assumed to be the foundation SST.

Within the COARE bulk algorithm, the F96 diurnal warm-layer
model (equations (4)-(6)) evaluates theintegral as asummation of the
high-resolution (for example, 10 minute) integrand. We note, however,
thatthisis equivalenttoits average multiplied by the averaging period
inunitsseconds, aslongas agustiness parameterisadded tothe aver-
aged frictional velocity or wind stress. Thus, while Fig. 2c shows founda-
tion temperature extrapolations computed at each 10 minute time
step, in Figs. 2d and 3, the integration is extended to 24 hours (that is,
1= [0t =86,400 seconds, and the overbars indicate daily averages).
To estimate Q,, initially, an empirical relation for D; as a function of
the Monin-Obukhov depth, L., is usedin equation (7). Afirst estimate
of the trapping depth is then estimated by equation (7) and used to
recomputethe Q,.,, which thenis used to compute the trapping depth
according to equation (7).

With the trapping depth then determined, the warm-layer effect
canbeestimated as:

(frec” + 80T, @)

(@ ~ ®3/2

ATyarm =A > >
(l,l*‘(,C + gustoc)

(8)

1/2
where A= [(Zagl)/((poccp,oc)3Ricr)]

Thefoundationtemperature canthenbe estimated fromthe meas-
ured bulk temperature from equation (3). AsshowninFig. 2d, this net
warming for the 24 hour period, computed from daily averaged fluxes,
matches the 24 hour averaged high-resolution warming estimate as
well as the envelope of high-passed sub-diurnal variability measured
by the 0.6 m thermistor, giving confidence that equation (8) can be
used withglobal daily averaged flux fields to analyse patterns in diurnal
warming. Furthermore, the ]-OFURO3 product is able to qualitatively
reproduce the1 mSST diurnal cycle measured by the TPOS buoy at 0°,
95° W (Extended Data Fig. 8), with discrepancies probably associated
with sampling differences and errors in the satellite-based fluxes.
Propagation of errorsin equation (8) shows that fora150 W mnet heat
flux into the ocean trapping layer with 3 m s™ wind speed, a10 W m™
error would result in a10% (0.07 °C) error in the warm-layer effect.
However, for these low wind-stress conditions, a small 0.007 N m™
error can account for a 62% error in wind stress and a corresponding
62%(0.34 °C) error in the warm-layer effect AT, , ..

Diurnal gustiness

Inthe F96 model, a convective gustinessisapplied to the wind velocity
measurements ateachtime step of theintegration. In our analytical ver-
sion for the 24 hour integration, a diurnal gustiness must be added to
the winds toaccount for diurnal and sub-diurnal variability in the wind

speed and direction. This is particularly important in the equatorial
cold-tongueregion where winds are very light and currents are strong,
without which division by zero led to unrealistically large diurnal warm-
ing (>20 °C warming). We therefore use a diurnal wind-speed gustiness
formula thatdepends on SST*":

Aws = 0.18 ms~1°C1(SST —18.1°C) for 23.7°C < SST < 29.8°C
Aws = 1ms~forSST < 23.7°C
Aws = 2.1m s~ for SST > 29.8°C

When this wind-speed gustiness, in units metres per second, is
combined with anominal drag coefficient of 0.001, the frictional veloc-
ity gustiness can be estimated as:

gust,. = ‘f—agustat = 5—30.001 x Aws’ 9)

oc oc

Finally, to match the minimum wind stress observed in the equato-
rial cold tongue at 0°, 95° W when computed from winds relative to
surface currents, the gustiness was increased so that the daily averaged
wind stress enhanced by the atmospheric gustiness (gust,, ) never fell
below 0.01 N m™, roughly equivalent toawind speed of 2.8 ms™.

Atmospheric and oceanic stability length scales

Air-sea heat and moisture fluxes that affect the density stratification
act as a surface buoyancy flux. The net surface heat flux at the ocean
surface (Q,), including the radiative fluxes at the surface of the ocean,
and the net precipitation (P) minus evaporation (£) areincluded in the
oceanic buoyancy flux (B,,.). By contrast, the surface ABL stratification
is relatively insensitive to radiative fluxes and precipitation, and thus
the atmospheric buoyancy flux (B, ) depends simply on the surface
virtual temperature flux w’T}|o, which can be related to the sensible
(Q.n) and latent (Q,,,) heat fluxes according to:

8 —= g Qsen Qlat )
Boam = =w'T|p= = +0.61
oam =,V T, (pa[mcp,atm Pamle
8§ — g (dp Qo op
B, = — W’ = = | = —S(P -
O’OC pOC w pOC|O pOC (aT pOCCp,OC + aS ( E)

where gis gravity, S is the salinity of the surface water, Tand T, are
water temperature and virtual air temperature,and C, ,., and C, . are,
respectively, the specific heat of air and water.

The Monin-Obukhov stability scale is the height where the
wind-stress production of mechanical turbulent energy balances or
is equivalent to the buoyancy flux. The stability scales for the atmos-
pheric (L,.,) and oceanic (L,.) boundary layers are computed using,
respectively, the atmospheric buoyancy flux (B ,.,,) and oceanic buoy-
ancy flux (Byo0):

Latm = z(u,wllo,atm auatm/az) /BO,atm = ui,atm/ (kBO,atm)
Loc = z(u’wrlo,oc auoc/az) /BO,oc = uz,oc/ (kBO,oc)

where kis the von Karmon constant (taken to be 0.4 for both the atmos-
phere and ocean, with du/0z ~ u,/(kz)). The frictional velocities in the
oceanic (u,.,.) and atmospheric (u, ,.,,) boundary layers of density p,.
and p,, relate to the wind stress (7,) according to:

— — 2 _ 2
To = patmu’wllo,atm = Patm u*,atm = Poc u*,oc - pocu’w’ |0,oc

where u'w’|g 5um and u’'w' |, are the co-varying horizontal and vertical
turbulent motionsin the surface layer of, respectively, the ABL and
OBL.BecauselL,,and L, inFig.3 are estimated with daily averaged
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data, the frictional velocities include the gustiness component
(equation (9)).

Our sign convention is intended to indicate magnitudes that are
positive throughout most of the ocean. Thus, a positive value for net
surface heat flux and net solar radiation warm the ocean, while net
infrared radiation and turbulent sensible and latent heat fluxes are
positive if they cool the ocean:

QO = st,net - Qlw,net - Qsen - Qlat

Thus, in most parts of the world’s ocean where air temperature
is cooler than the ocean skin temperature, Q,., would have a posi-
tive value, indicating turbulent heat fluxes that warm and destabilize
the ABL and cool and destabilize the OBL. Likewise, in regions where
the turbulent air-sea heat flux warms the OBL and cools the ABL,
the atmospheric and oceanic buoyancy fluxes will tend to stabilize the
corresponding boundary layers. The ocean can also be stabilized by the
net radiative heat fluxes, while the atmosphere tends to be transparent
to the radiative fluxes and therefore the atmospheric buoyancy flux
dependsonly onthe turbulent fluxes affecting the virtual temperature.

Data availability

Data from drone 1006 from the 2017 TPOS mission are available at
https://www.pmel.noaa.gov/ocs/saildrone/data-access. The J-OFURO3
data were accessed from the University of Hawaii Asian-Pacific
Data-Research Center website at http://apdrc.soest.hawaii.edu/dods/
public_data/J-OFURO/J-OFURO3_V1.1/daily. The daily TRMM Rainfall
(3B42V7) datawere accessed fromthe University of Hawaii Asian-Pacific
Data-Research Center website at https://apdrc.soest.hawaii.edu/dods/
public_data/satellite_product/ TRMM/TRMM_PR/3B42_daily. TPOS
mooring data were accessed from the NOAA/PMEL Global Tropical
Moored Buoy Array data display-and-delivery website: https:/www.
pmel.noaa.gov/tao/drupal/disdel/.
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Extended DataFig. 3|J-OFURO3 satellite-based fields for September 3,1999.
(a) SST in units Celsius, (b) wind stress magnitude in units N m~2with surface wind
stress vectors, (c) surface turbulent heat flux out of the oceanin units Wm?>,

(d) net surface heat flux into the oceanin W m, (e) small positive atmospheric
Monin-Obukhov Stability height scales indicating regions of forced convection
within a stabilized atmospheric boundary layer in units meters, and (f) small
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positive oceanic Monin-Obukhov stability depth scales indicating regions of
forced convection within stabilized oceanic boundary layers in units meters,

(g) 24-hour accumulated temperature change in units Celsius due to diurnal
warming. SST contours with 1°C contour intervals are overlaid on all panels.
Allfields are based upon daily ]-OFURO3* fields. See METHODS. Note that the
convectively active Intertropical Convergence Zone (ITCZ) is located near 7-12°N.
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Extended Data Fig. 4 |J-OFURO3 satellite-based fields for March 3,2000.

(a) SSTin units Celsius, (b) wind stress magnitude in units N m~2with surface wind
stress vectors, (c) surface turbulent heat flux out of the oceanin units Wm™,

(d) netsurface heat flux into the oceanin W m, (e) small positive atmospheric
Monin-Obukhov Stability height scales indicating regions of forced convection
within a stabilized atmospheric boundary layer in units meters, and (f) small
positive oceanic Monin-Obukhov stability depth scales indicating regions of
forced convection within stabilized oceanic boundary layers in units meters,
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(g) 24-hour accumulated temperature change in units Celsius due to diurnal
warming. SST contours with1°C contour intervals are overlaid on all panels. All
fields are based upon daily J-OFURO3 (ref. 26) fields. See Extended Data Fig. 3
for same figure but for September 3,1999. Note that in March, the Intertropical
Convergence Zone (ITCZ) is located close to the equator near 3-5°N. In contrast,
asshownin Extended Data Fig. 3,in September the convectively active ITCZ is
located near 7-12°N.
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Extended Data Fig. 5| Diurnal cycle climatologies for SST anomalies, solar
radiation, and wind speed anomalies at select sites in the TPOS. Diurnal cycle
climatologies for (top row) Sea surface temperature anomalies at 1-m, (middle
row) Solar radiationin W m, and (bottom row) Wind speed anomaly inms™, at
three buoy sites: (left) in the western equatorial Pacific at 0°,165°E; (middle) in
the central equatorial Pacific at 0°,140°W; and (right) in the eastern equatorial

Pacific at 0°, 95°W. Different seasons are indicated by colors, with black
indicating December-January-February (DJF), red indicating March-April-May
(MAM), green indicatingJune-July-August (JJA), and blue indicating September-
October-November (SON). Anomalies are computed relative to a 5-day filter.
Standard errors are indicated for the MAM wind speed daily climatologies.

See METHODS.
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Extended Data Fig. 6 | Monthly climatologies for zonal (red) and meridional (blue) surface 4-meter wind and their diurnal cycle ranges (black) at select sites in
the TPOS. Unitsarems™.
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Extended Data Fig. 7 | Diurnal cycle enhancement of the SST meridional gradient along 95°W. Range of the diurnal cycle monthly climatologies in black
overlaid on the monthly SST seasonal cycle at 0°,95°W (red) and 2°N, 95°W (blue) in units degrees Celsius, showing the enhanced meridional SST gradient during
August - November (ASON) compared to other months.
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(red) observations at 0°, 95°W. Top panel: Daily-averaged net surface heat flux alsoincludes variations due to abrupt fronts. Furthermore, because the positive
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TheJ-OFURO3 daily wind stress without (red) and with (light blue) an additional spread over nighttime and early morning hours (see Fig. 2d and Extended Data
gustinessincluded (see METHODS). Bottom panel: Buoy daily high-passed 1-m Fig.5), the average amplitude of the diurnal effect is sometimes less than the
SST (black) and the average amplitude of the 1-m SST diurnal cycle estimated positive peak.
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