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Abstract

Sunlight warms sea surface temperature (SST) under calm winds, increasing atmospheric surface buoyancy flux, turbulence,
and mixed layer depth in the afternoon. The diurnal range of SST exceeded 1 °C for 24% of days in the central tropical
Indian Ocean during the Dynamics of the Madden Julian Oscillation experiment in October-December 2011. Doppler lidar
shows enhancement of the strength and height of convective turbulence in the atmospheric mixed layer over warm SST in the
afternoon. The turbulent kinetic energy dissipation of the marine atmospheric mixed layer scales with surface buoyancy flux
like previous measurements of convective mixed layers. The time of enhanced mixed layer dissipation is out of phase with the
buoyancy flux generated by nocturnal net radiative cooling of the atmosphere. Diurnal atmospheric convective turbulence over

the ocean mixes moisture from the ocean to the lifting condensation level and forms afternoon clouds.
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Key Points

A vast area of the ocean surface warms in the afternoon under calm winds, enhancing
surface buoyancy flux to the atmosphere.

Diurnally enhanced buoyancy flux from the ocean generates a diurnal convective
turbulent mixed layer in the atmosphere.

Enhanced afternoon marine atmospheric turbulence forms clouds by mixing moisture to

its condensation level.



23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

Abstract

Sunlight warms sea surface temperature (SST) under calm winds, increasing atmospheric
surface buoyancy flux, turbulence, and mixed layer depth in the afternoon. The diurnal range of
SST exceeded 1 °C for 24% of days in the central tropical Indian Ocean during the Dynamics of
the Madden Julian Oscillation experiment in October-December 2011. Doppler lidar shows
enhancement of the strength and height of convective turbulence in the atmospheric mixed
layer over warm SST in the afternoon. The turbulent kinetic energy dissipation of the marine
atmospheric mixed layer scales with surface buoyancy flux like previous measurements of
convective mixed layers. The time of enhanced mixed layer dissipation is out of phase with the
buoyancy flux generated by nocturnal net radiative cooling of the atmosphere. Diurnal
atmospheric convective turbulence over the ocean mixes moisture from the ocean to the lifting

condensation level and forms afternoon clouds.

Plain language summary

Howard’s (1803) original description of cumulus clouds includes convection (overturning by
heating from below) in the heat of the afternoon. When wind is weak, sunlight warms vast and
variable areas of the ocean (some 5% of the tropical oceans and 2% of Earth’s surface) by more
than 1 °Cin the afternoon. Convection and turbulence form over the warmed ocean like over

land. We show the afternoon strengthening and deepening of the turbulence. The afternoon
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convection raises water vapor from the ocean surface, moistens the atmosphere, and forms

clouds.

1. Introduction

Diurnal warming of the ocean surface is expected to generate turbulence, but measurements of
the diurnal vertical profile of turbulence have never before been documented. The afternoon
warming of the ocean is much weaker than that of land because the ocean mixes and stores
heating over a depth of meters to tens of meters. Diurnal warm layers (DWLs) of sea surface
temperature (SST) result from strong solar absorption and weak winds (Price et al. 1986, Fairall
et al. 1996, reviewed in Kawai and Wada 2007). Clear skies result in more solar absorption.

Weak winds result in weak turbulent fluxes and ocean mixing.

Many remote sensing- and model-based analyses show a significant fraction of days and
locations have DWLs with diurnal SST range (dSST) greater than 1° C, with extremes exceeding
5° Cin satellite analyses (Gentemann et al. 2003, Clayson and Bogdanoff 2013). One year of
buoy observations in the tropical Atlantic Ocean show dSST exceeds 1°C for 8% of days, with
slightly weaker dSST in collocated satellite observations (Clayson and Weitlich 2007). Diurnal
SST modeled from 6-hourly ERA-40 (40-yr European Centre for Medium-Range Weather
Forecasts Re-Analysis) is weaker than dSST observed by collocated drifters (Bellenger and Duvel

2009). Buoy observations from 5 sites show dSST exceeds 1°C for 5% of days (Fig. 1; Prytherch
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et al. 2013). If dSST reaches 1.0 °C for 5% of days and locations in the tropical oceans, these

DWLs represent roughly 2% of Earth’s area.

Precipitating atmospheric convective clouds are strongest in the early morning over the tropical
oceans (e.g. Gray and Jacobson 1977). Solar absorption in the atmosphere mitigates the
destabilizing effect of thermal infrared cooling, and suppress convective clouds (Randall et al.
1991). A secondary maximum of precipitation has been observed in the early afternoon when
there is diurnal warming of SST (Chen and Houze 1997, Bellenger et al. 2010). The lack of
diurnal cycles in SST and boundary layer convection in general circulation models results in
errors in the phase and amplitude of precipitating convection (Dai and Trenberth 2004, Tian et

al. 2004).

In the tropics, dSST is strong under weak winds in areas of convergence and between storms.
These conditions are most common in the eastern tropical Pacific intertropical convergence
zone, in the convergence of Western Pacific summer monsoon westerlies and easterly trade
winds, and during phases of suppressed precipitation of tropical intraseasonal variability such
as the Madden Julian Oscillation (Clayson and Weitlich 2007, Gentemann and Akella 2018).
Diurnal warm layers form under weak winds also in midlatitudes (Merchant et al. 2008), which
we hypothesize affect air-sea interactions during the formation of some marine heatwaves (e.g.

Holbrook et al. 2019, Amaya et al. 2020).
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Diurnal warm layers observed in the Mirai Indian Ocean cruise for study of the MJO-convection
Onset (MISMO) and Dynamics of the Madden Julian Oscillation (DYNAMO) experiments locally
moistened and warmed the atmospheric boundary layer, destabilized the atmosphere for
precipitating convection (Bellenger et al. 2010, Ruppert and Johnson 2015), and increased
integrated atmospheric water vapor (Yasunaga et al. 2008). Unsaturated convective boundary
layer circulations have been observed to be responsible for fluxes of heat and moisture to the
free troposphere when clouds were suppressed (LeMone and Pennell 1976). Cloud resolving
models show an afternoon increase in shallow convective clouds over the DWL (Ruppert and

Johnson 2016).

Here we document the diurnal response of turbulence that connects warm SST in the afternoon
to convective clouds. Turbulence over marine convective atmospheric mixed layers has been
observed previously by aircraft (Lenschow 1970, Frisch and Ochs 1975, Fairall et al. 1980).
Ground-based remote sensing allows us to profile the turbulence throughout the diurnal cycle.
Diurnal intensification and deepening of the turbulent atmospheric mixed layer were observed
by Doppler lidar over strong DWLs (dSST > 1.5 °C) in the central Indian Ocean in late 2011
during the Dynamics of the Madden Julian Oscillation (DYNAMO) experiment (section 2). The
mixed layer turbulence is shown to scale with the buoyancy flux like previously observed
convective mixed layers, including diurnal mixing over land (section 3). Section 4 shows the
connection of the turbulent mixed layer to the clouds and summarizes its effect for modeling

atmospheric moist convective clouds over the ocean.
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2. DYNAMO observations

a. The diurnal warm layer of SST in the Indian Ocean

The DYNAMO experiment in November-December 2011 sampled two cycles of intraseasonal
atmospheric variability (Madden and Julian 1971), including suppressed and active phases of
precipitating convective clouds. The DYNAMO median dSST was 0.58 °C, its maximum was 2.8
°C. The dSST was greater than 1 °C for 19 (25%) of the 77 DYNAMO days (Fig. 1), and greater
than 1.5°C for 7 of the days. Diurnal warm layers also formed on the days before, between, and
after two convective westerly wind bursts (Moum et al. 2014). The vertical structure of the
ocean DWLs was observed from a ship (Moulin et al. 2017, Hughes et al. 2020), and by ocean

gliders penetrating the surface (Matthews et al. 2014).

The 4 consecutive days Nov 13-16 had dSST > 1.8 °C (Fig. 1c, 2d). During this intraseasonal
phase of suppressed precipitation, weak winds reduced mechanical generation of turbulence in
the atmosphere and ocean and permitted the DWL to form in the ocean. SST warmed quickly
during midday solar heating November 13-15 and cooled slowly at night (Figs. 1c, 2d). On
November 16, SST increased only modestly during midday and then quickly increased 2°C after
16 local time (LT). Quick cooling events in the evenings of Nov 14 and 15 were related to pulses

of wind exceeding 3 m s .
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b. Wind and buoyancy flux

Figure 1a, b, and c show the diurnal cycles of the wind, SST, and buoyancy flux for two month-
long legs of the DYNAMO experiment (de Szoeke et al. 2015). Over the warm tropical Indian
Ocean, the thermal expansion of air due to temperature and the lowering of molecular mass
due to water vapor both contribute comparably to the buoyancy flux. Surface buoyancy flux

B(0) is positive and lognormally distributed, with median[B(0)] = 3.7 x 10~* and
mean[B(0)] = 4.8 x 10™*. The friction velocity u, = \/|T|/p ~ 0.04U; ¢ e is about 0.1 ms™

on weak wind days (Fig 1a).

Wind speed dominates daily to intraseasonal variability of the latent and sensible turbulent
surface fluxes in DYNAMO (de Szoeke et al. 2015, de Szoeke et al. 2017). Average buoyancy flux
is weak (3 x 10™* m? s7%) for wind below 3 m s (Fig. 1b). Mean wind from 6-14 LT is less than
2.6 m s ' on each of the 7 days with dSST > 1.5 °C (section 2a). The buoyancy flux is weaker on
these weak wind days, yet the diurnal cycle of buoyancy flux is coherent, with maximum
daylight buoyancy flux (6 x 10°*m?s~®) 2.7 times greater than the predawn (0-6 h local) mean

buoyancy flux.

c. Turbulence dissipation profiles

The diurnal enhancement of buoyancy flux generates turbulent convection in the sub-cloud

boundary layer. The NOAA High-Resolution Doppler Lidar (HRDL; Grund et al. 2001, Wulfmeyer
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and Janjic 2005) measured the radial velocity of the air toward or away from the scanner.
Vertical velocities in the sub-cloud boundary layer in DYNAMO were sampled by pointing

vertically for 10 minutes, alternated with constant-elevation azimuthal scans every 20 minutes.

We estimate the turbulent kinetic energy (TKE) dissipation rate € (Kolmogorov 1941) in 10-
minute windows above 250 m (Fig. 2a,c) from spectra of the inertial cascade of isotropic
turbulence (Kaimal 1973; data at

https://esrl.noaa.gov/csl/groups/csl3/measurements/dynamo/calendar.php). Below 330 m, we

estimate dissipation from transverse structure functions of the radial velocity from azimuthal
scans (Fig. 2c, Frehlich et al. 2006). Further details of the observations, lidar scan strategy, and
dissipation calculations are summarized in supplement S1. Examples of the horizontal velocity

structures at night and in the afternoon are shown in supplement S2.

Mixed layer depth D

Most profiles in Fig. 2a,c show turbulent mixed layers with € = 10~ m? s~ below a quiescent
layer with much weaker turbulence € < 107 m?s~>. We define the mixed layer depth D as the
lowest height at which € is a factor of 3 smaller than the vertical mean of € below that height.
Mixed layer depths were diagnosed for 2008 profiles of dissipation in this manner (black dots

Fig. 2a,c).

Convective mixed layers
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Buoyancy flux dominates the generation of TKE in DYNAMO, as in most marine atmospheric
mixed layers. The shear production of TKE is less than the buoyancy integral w2 = [B]D, where
[B] is the mixed-layer mean buoyancy flux. The ratio of TKE generation by shear production

u3 /k to surface buoyancy flux B(0)D in the mixed layer is equal the ratio —L/D of the
(negative) Monin-Obukhov length (—L = u3/kB(0)) to the mixed layer depth D. The daylight
median —L/D for all days is 0.016. The mixed layers during the days with the 7 strongest dSST

have maximum —L/D of 0.043 and median 0.0037.

We define those mixed layers as convective that meet the threshold —D /L > 100. One third
(658) of the mixed layers diagnosed in DYNAMO are convective according to this condition. The
ratio —D /L is strongly dependent on the surface wind speed. Most of the convective mixed
layers have surface wind speed less than 2 m s~*. The ratio —D/L decreases approximately as
wind speed U in the shear-driven regime, and as U? in the convective regime (not shown),
consistent with wind stress proportional to U” and buoyancy flux proportional to U (as in bulk

aerodynamic models, e.g. Liu et al. 1979, Fairall et al. 1996).

The mixed layers sampled November 13-16 (with dSST > 1 °C) were particularly convective, with
—D/L greater than 100 for 96% (239) of the 249 mixed layer depths D. The time-height series for
Nov 13-16 shows € increases each afternoon (Fig. 2c) over warm SST and enhanced surface
buoyancy flux (Fig 2d). The depth of the mixed layer D also roughly scales with the surface

buoyancy flux B(0) with a sensitivity dD/d[B(0)] =460 m /10 ™* m®s™>.
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3. TKE dissipation buoyancy scaling

We scale the amplitude of the dissipation estimates by the surface buoyancy flux B, and
average the profiles as a function of the normalized height z/D’, where D’ = 0.95D. This scaled
coordinate centers the composite mixed-layer top on the gradient of the dissipation. The
convective (defined by —D /L > 100) composite mean profile of scaled dissipation €/B during

2011 Nov 13-16 is shown by black circles in Figure 3.

a. Vertical structure of the convective dissipation profile

The DYNAMO composite scaled dissipation €/B profile is nearly uniform above z/D’ = 0.3.
Close to the surface, for z/D' < 0.25, the scaled dissipation decreases exponentially from the
surface, as €/B = E, exp{—(z/D'H)}, with a surface scaled dissipation of E, = 1.45 + 0.06
and a nondimensional scale height of H = 0.23 + 0.01. The mean dissipation decreases by a
factor of about e ! over the observed depth of the surface layer. Mechanical generation of
turbulence by shear in this shallow surface layer increases the dissipation relative to the surface
buoyancy flux. Mechanical generation and buoyancy flux are correlated because they mutually
depend on wind speed. Nondimensional dissipation €/B as a function of —z/L (not shown) is
nearly uniform over —z/L > 50 and increases in the surface layer, in agreement with aircraft
measurements of marine surface layers and the universal function for dissipation (Fairall et al.

1980).

10
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Above the surface layer, within z/D" = [0.4 0.9], the mean €/B and its standard error is
0.58 + 0.02. The standard deviation of individual €/B estimates is 70-80% of the mean. The
composite dissipation decreases slightly with height, with a linear least-squares fit of

€/B = 0.58 — (0.28 £+ 0.05) (z/D’ — 0.65) (gray lines, Fig. 3b) passing through the mean at

z/D' = 0.65.

The scaled dissipation €/B profile for the DYNAMO marine diurnal mixed layer agrees with the
profiles of previously observed convective mixed layers for marine (Lenschow 1970) and
terrestrial (Caughey and Palmer 1979, yellow, Fig. 3) atmospheric boundary layers, subsurface
oceanic convective surface boundary layers (Shay and Gregg 1986: blue and red, Anis and
Moum 1992: green and cyan), and lake convective boundary layers (Imberger 1985, purple).
The vertical mean of the mean and median scaled dissipation €/B for z/D' = [0.4 0.9] is
shown for these studies in Table 1. DYNAMO mean scaled dissipation falls in the middle of the
previous estimates. It is statistically indistinguishable from observations of terrestrial
atmospheric convective mixed layers (Caughey and Palmer 1979) and observations from a Gulf

Stream Ring convective ocean mixed layer (Shay and Gregg 1986).

The composite background dissipation measured above the convective mixed layer is 0.1B for
our tropical marine atmosphere, larger than in previous studies (Fig. 3). Moist convection
driven by release of latent heat of condensation in clouds is responsible for intermittent

turbulence above the mixed layer. The distribution of dissipation is positively skewed (skewness

11
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of log € is 1-2), indicating infrequent strong events are responsible for much of the turbulence.

The median €/B (0.05) agrees better with previous observations for z/D" = [1.0 1.4].

b. Discussion of the mixed layer dissipation profile

The dissipation in the upper half of the marine convective mixed layer is slightly larger than half
the surface buoyancy flux. Dissipation exactly balances buoyancy flux for purely convective
turbulence with an equilibrium TKE budget and no mechanical generation or transport of
turbulence. Anis and Moum (1994) found a local maximum of dissipation collocated with shear
near the top of their convective mixed layers. The maximum near the mixed layer top in the

DYNAMO profile is not statistically significant.

Negative buoyancy flux from entrainment of warmer, less dense, air into the mixed layer
generates potential energy at the expense of TKE. The TKE is generated locally by shear or
transported from the region of positive buoyancy flux below. In stratified geophysical
turbulence, negative buoyancy flux is found to be related to dissipation as B = —ye with

y = 0.2 on average (Winters et al. 1995, Gregg et al. 2018). A typical buoyancy flux for forced
entrainment just below the top of the mixed layer is B(D™) = —aB(0) with a = 0.2 (Deardorff
1976). The constant a is formally distinct from y, yet their similar values give e(D™) =

a/yB(0) = B(0). Assuming buoyancy flux linearly decreases with height and dissipation is a
piecewise linear function (glancing zero at z/D’ = 5/6) determined by this scaling, the mean

dissipation averaged over 0.5 < z/D’ < 1 would be 0.4B(0), slightly less than observed.

12
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Rather than a stable inversion, there is a continuous transition to moist adiabatic stratification
at D'. The buoyancy flux at D' is expected to reach zero e(D~) = B(D~) = 0 for free
entrainment of air with the same density as the mixed layer (Deardorff 1976). Our observed
composite mixed layer dissipation at the top of the layer e(D™) = 0.5B(0) is midway between
this free entrainment condition and the condition of uniform dissipation matching the surface

buoyancy flux e = B(0) throughout the layer.

4. Connection of diurnal boundary layer convection to clouds

The idealized convective dissipation is calculated by multiplying the normalized dissipation
profile (Fig. 3) by the time series of surface buoyancy flux B(0). Figure 4a shows this idealized
profile of convective dissipation for 2011 Nov 13-16 UTC. Scaled as a function of buoyancy flux,
the convective dissipation in the mixed layer increases by a factor of 2.7 in the afternoon

compared to at night.

Mixed layer depth D is also deeper during the afternoon. The height of the mixed layer in Fig.
4a is scaled to the observed mixed layer depth D temporally filtered by a 180-min running
mean iterated thrice. The Nov 13-16 afternoon maxima of D correspond to maxima in

buoyancy flux (Fig. 4b) and convective dissipation (Fig. 4a). When this deeper D reaches the LCL

13
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(also filtered, orange line Fig. 4a), water vapor can condense and form a cloud at the top of the

mixed layer.

The mixed layer depth falls below the LCL each evening after sunset. The LCL also lowers
gradually at night due to lower temperature and higher relative humidity. The LCL reaches a
minimum around dawn (about 0 UTC) when there is weak turbulence and low D. At dawn
relative humidity is high as the 10-m dewpoint depression, (green, Fig. 4 b), SST (red), and

surface air temperature reach a minimum.

5. Summary

Over vast areas, diurnal convective marine atmospheric mixed layers are dominated by surface
buoyancy flux generated over diurnal SST anomalies. A conservative estimate is that dSST
reaches at least 1 °C for 5% of days (Prytherch et al. 2013). This fraction of the tropical oceans
represents 2% of Earth’s surface. The diurnal convective mixed layers are like those over land
but with weaker temperature and buoyancy flux anomalies. Weak wind simultaneously makes

for weak shear and strong diurnal surface temperature anomalies.

The mean dissipation profile in diurnal convective mixed layers scales with surface buoyancy
flux, in agreement with previous observations of convective mixed layers in the atmosphere

and ocean (e.g. Lenschow 1970, Caughey and Palmer 1979, Shay and Gregg 1986). The mean

14
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dissipation above the surface layer on 4 days in November 2011 is 0.58+0.02 times the surface

buoyancy flux and is nearly constant with height.

Diurnal convective turbulence generates clouds. Mixed layer depth is greater during the
afternoon when the DWL and the mixed-layer dissipation is strong. The mixed layer depth
reaches the lifting condensation level, where water vapor condenses and forms clouds. The
measurements of the diurnal cycle of turbulent kinetic energy dissipation and mixed layer
depth are relevant for parameterizing turbulent fluxes into shallow clouds over the parts of the
ocean experiencing weak wind, such as during phases of suppressed tropical convective

precipitation.
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Table caption
Table 1. Normalized dissipation over surface buoyancy flux € /B averaged over scaled height
z/D' = [0.4 0.9] in convective mixed layers for multiple experiments in lakes, oceans, and the

atmosphere. Standard errors of the mean of the variations with height are listed.

Figure captions
Figure 1. (a) Probability distribution of 10-minute SST — predawn SST difference (blue) and daily
dSST (red) during 77 days of DYNAMO in Oct 2011 — Jan 2012, (b) relative wind speed, (c) SST,

and (d) buoyancy flux.

Figure 2. Time-height series of Doppler lidar dissipation and mixed layer depth D for (a)
November 8-December 5, and (c) November 13-16. SST (red), solar radiation (yellow filled),
wind speed (black), buoyancy flux (blue) (b,d for times as in a,c). Cloud base height (c, red).
Crosses below panels c and d indicate the times of afternoon and nocturnal planview images in

supplement S2.

Figure 3. Dissipation € /B scaled by surface buoyancy flux in the marine atmospheric mixed
layer (black circles and error bars: mean and standard deviation of the mean; thin black line:
median) for DYNAMO convective conditions on Nov 13-16 and for previous estimates for
terrestrial atmospheric convective boundary layers (Caughey and Palmer 1979, yellow),
subsurface oceanic convective surface boundary layers (Shay and Gregg 1986: blue and red,

Anis and Moum 1992: green and cyan), and a lake convective boundary layer (Imberger 1985).
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(a) Logarithmic scale and (b) linear scale €/B. In (b) gray lines show the best fit relationship

€/B = 0.58 — (0.28 + 0.05) (z/D’' — 0.65) fitted on z/D’ = [0.4 0.9].

Figure 4. (a) Idealized dissipation for a convective mixed layer, reconstructed from the time
series of buoyancy flux, diurnal mixed layer height, and the profile of scaled dissipation €/B
(Fig. 3) for 2011 Nov 13-16. Mixed layer depth (white) and lifted condensation level (LCL,
orange) of surface air temperature and humidity, filtered thrice with a 180-minute moving
window. (b) Solar flux (yellow filled), buoyancy flux (blue), SST (red), and 10-m air dewpoint

depression (T — Ty, green).
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496  Figure 2. Time-height series of Doppler lidar dissipation and mixed layer depth D for (a)

497  November 8-December 5, and (c) November 13-16. SST (red), solar radiation (yellow filled),
498  wind speed (black), buoyancy flux (blue) (b,d for times as in a,c). Cloud base height (c, red).
499  Crosses below panels c and d indicate the times of afternoon and nocturnal planview images in

500 supplement S2.
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Figure 3. Dissipation €/B scaled by surface buoyancy flux in the marine atmospheric mixed
layer (black circles and error bars: mean and standard deviation of the mean; thin black line:
median) for DYNAMO convective conditions on Nov 13-16 and for previous estimates for
terrestrial atmospheric convective boundary layers (Caughey and Palmer 1979, yellow),

subsurface oceanic convective surface boundary layers (Shay and Gregg 1986: blue and red,

Anis and Moum 1992: green and cyan), and a lake convective boundary layer (Imberger 1985).

(a) Logarithmic scale and (b) linear scale €/B. In (b) gray lines show the best fit relationship

€/B = 0.58 — (0.28 + 0.05) (z/D' — 0.65) fitted on z/D’ = [0.4 0.9].
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511

512  Figure 4. (a) Idealized dissipation for a convective mixed layer, reconstructed from the time
513  series of buoyancy flux, diurnal mixed layer height, and the profile of scaled dissipation €/B
514  (Fig. 3) for 2011 Nov 13-16. Mixed layer depth (white) and lifted condensation level (LCL,
515 orange) of surface air temperature and humidity, filtered thrice with a 180-minute moving
516  window. (b) Solar flux (yellow filled), buoyancy flux (blue), SST (red), and 10-m air dewpoint
517  depression (T — Ty, green).
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Table 1. Normalized dissipation over surface buoyancy flux € /B averaged over scaled height

z/D" = [0.4 0.9] in convective mixed layers for multiple experiments in lakes, oceans, and the

atmosphere. Standard errors of the mean of the variations with height are listed.

reference description mean median
Imberger 1985 lake 0.22+0.06 0.22
Shay and Greg 1986 Bahamas ocean 0.47 £0.02 0.46
Caughey and Palmer 1979  terrestrial atmosphere 0.53+0.05 0.57
DYNAMO marine atmosphere 0.58 £ 0.02 0.56
Shay and Greg 1986 Gulf Stream ring 0.63£0.05 0.58
Anis and Moum 1992 summer ocean 0.83 £0.07 0.86
Anis and Moum 1992 surface ocean 1.00 £ 0.08 1.01
grand mean 0.61+0.09 0.61
grand median 0.58 0.57
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Supplement 2: Examples of horizontal eddy structure

Here we present examples of Doppler velocity images to describe the horizontal structure of
the strongest eddies in the convective boundary layer during the afternoon, when buoyancy
flux is strongest, and during the night. Plan-view images of the Doppler radial velocity
component anomaly from 1° elevation scans show horizontal velocity structures from 30-70 m
elevation. The 1° radial velocity is nearly horizontal. The radial wind component of the mean
vector is subtracted from the radial component anomaly. The radial velocity does not
completely describe the eddy wind field. Nevertheless, the differences between night and
afternoon cases is informative.

Two scans from the afternoon (Nov 13 07:29 and Nov 14 08:49 UTC) show velocities that are
twice as strong as at night (Nov 13 17:09 and Nov 14 13:41). Fig. 2 shows the dissipation
profiles, SST, wind speed, and buoyancy flux at the 4 times of the images, as indicated by
crosses near the axes of Fig. 2c and 2d of the main text.

Radial velocities alternate towards and away from the lidar, resembling counterrotating
convective boundary layer rolls (e.g. LeMone 1973). Convective rolls longitudinally oriented
slightly to the left of the wind are instabilities of the mean shear (Brown 1970, 1972). Though
these rolls transport turbulent kinetic energy upward from the surface, they generate little
turbulence themselves, compared to the buoyancy flux (LeMone 1976).

The mean wind is so weak in our examples that the ocean currents strongly affect the direction
of the surface wind stress, so we compare the orientation of the eddies to the direction of the
ocean current-relative 10 m wind (Fig. S2). We observe that the strongest eddies in the
afternoon cases (Fig. S2a,b) are aligned with the current-relative wind with a 1 km wavelength.
There are also longer-wavelength eddies transverse to the wind.

The radial wind anomalies are weaker and of smaller scale at night, showing very little
preferred directional structure. Only the 1 km eddies northwest of the ship are aligned with the
wind at Nov 13 17:09 UTC (Fig. S2c). The scalloped line of convergence wrapping north of the
ship suggests a gust front spreading northward. The vertical velocities above the ML are
disturbed at this time, with dissipation greater than 10~ m? s™3 extending to 1.3 km, the highest
level where it is diagnosed, and well above D = 420 m. The current-relative wind is 0.1 m s™ on
Nov 14 13:41 UTC. Eddies at that time are strongest at 1 km scale and have no clear orientation
(Fig. S2d).

The dominant scale of the eddies in the examples is close to that of the mixed layer depth D.
Table S2 shows D from vertical profiles of the turbulence. The 1 km eddies in the afternoon are
on the order of the mixed layer depth (770 m on Nov 13 and 970 m on Nov 14); the transverse
eddies are about twice the mixed layer depth. The nocturnal scans have smaller D (42 and 500
m) and smaller-scale eddies.
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Table S2. Times and mixed layer depths D of the plan-view images in Fig. S2.

date time (UTC) | D (m) SST (°C) | B(0) (m?s73)

Nov 13 07:29 770 31.7 4.65
17:09 420 30.3 1.90
Nov 14 08:49 970 31.3 4.43
13:41 500 30.1 1.53
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Figure S2. Examples of convective structures during daylight and night. 1° elevation angle scans

from (a) afternoon Nov 13 07:29, (b) afternoon Nov 14 08:49, (c) night Nov 13 17:09, and (d)

night Nov 14 13:41 UTC. Vectors show current-relative 10-m mean wind, multiplied by 3 m s™.

Roll are spaced about 2 times farther apart along the axis of the mean wind.
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