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Fig. 5 by the constant position of the 24.6 kg m!3 iso-
pycnal relative to the float from group 70 through to 76.

The magnitude of isopycnal displacement achieved
by residual shear at each depth is calculated by con-

structing a group mean profile of vertical shear. The
shear components in each depth bin are averaged over
the duration of the group to provide a single represen-
tative shear profile. Each depth bin is then integrated

FIG. 5. (top left) Residual velocities overlying "# contoured at 0.005 kg m!3 intervals
between 24.59 and 24.61 kg m!3. The left-hand column represents "# in a west–east longitu-
dinal slice passing through the float and the east–west velocity component U; the right-hand
column a south–north latitudinal slice and the north–south velocity component V. Velocity
vectors are individually scaled, the red vector at the top of each panel equaling 5 cm s !1.
Profiles of U, V are plotted at 500- and 4-m horizontal and vertical intervals, respectively.
Black circles at $x, y % 0 indicate the depth of the drogue.
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more variable. Using the Shallow Water Mapping System
(SWIMS), an undulating CTD system towed behind the R/V
Wecoma in a saw-tooth pattern between depths of 10–150 m
with a mid-depth horizontal resolution of!500 m, horizontal
variability in the density field and the degree of compensation
above the seasonal thermocline was observed in four surveys
at scales 1–25 km. Data were interpolated onto a uniform
grid with 1 km spacing in the horizontal and 0.5 m in the
vertical. Each survey, designated A, B, C, and D in chrono-
logical order, consisted of two 100 km legs, one north-south
(N-S), the other east-west (E-W) with the exception of B
which had two N-S legs only (Figure 1, center).

2. Meteorology

[6] Meteorological data were acquired onboard the R/V
Wecoma, and Version 2.6 of the COARE bulk algorithms
[Bradley et al., 2000] was used to compute the air-sea
fluxes. Of principal interest to the mixing and restratifica-
tion of the SML is the buoyancy flux, Jb, where positive Jb
destabilizes the SML and negative values represent stabi-
lizing, restratifying conditions. The dominant terms are
Qshortwave and Qlatent. The former stabilizes via solar inso-
lation whereas the latter destabilizes during high winds.
[7] Total rainfall during the 25 days was 205 mm

(Figure 2a) and concentrated within three events during

days 62, 67, and 78 when rainrate "40 mm hr#1 and
accumulated rainfall "25 mm. Wind stress, t, peaked at
1.2 and 0.7 N m#2 during the latter two events (typically
following the rainfall by up to 24 hours). Prior to A t
remained !0.25 N m#2 when DT = Tsea # Tair ! 1!C
(Figure 2b) and Jb was largely negative, i.e., stabilizing
(Figure 2c), particularly during the rainfall at t = 62.9. The
two peaks in t were accompanied by cold air outbreaks
resulting in DT " 4!C whilst a third period of lesser t !
0.25 Nm#2 on day 73 also exhibited significant DT
immediately prior to B. Note that during the transit from
B at 30!N to C at 28!N the R/V Wecoma passed through a
surface temperature front. Tsea increased from 18.56!C to
22.06!C within 25 km and DT " 0 for the remainder of the
cruise despite a recovery of Tair to 22.54!C by t = 77.9 after
the second cold air outbreak. Thus prior to D, Jb was
destabilizing during nighttime when latent heat fluxes were
O(100 W m#2). A maximum Jb of 3.2 $ 10#7 W kg#1

was observed at the time of peak t on day 79, three days
before D.

3. Vertical Structure of the SML

[8] In contrast to previous observations in which a well-
mixed SML extended down to the seasonal thermocline, we
observed significant vertical density structure above the

Figure 1. (middle) Location of surveys A, B, C, and D relative to the STF as indicated by the sea surface temperature
(SST). (left and right) Buoyancy frequency squared, N2, between 0 and 150 m depth for each survey, labelled accordingly.
Solid black lines in the N2 plots indicate the depth of the SML according to the 0.1 kg m#3 density criteria (see text), and
the numbered arrows indicate the order and direction of legs. Note the 45! anti-clockwise rotation of the N2 plots relative to
the SST map. SST data are a three-day average for 5–7 March, t = 64–66, acquired by the TMI/AMSR satellite and
provided by Remote Sensing Systems.
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in March 2017

A New Experiment: SMILE 
(Submesoscale MIxed-Layer Eddies)



AVISO SSH on March 2, 2017 
(2 cm contour interval; 10cm bold)
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Observational Tools

Towed profiler (SWIMS)

Surface 
buoy

Ship (R/V Sikuliaq)

Velocity+CTD
+Microstructure profiling 

float (EM-APEX) In fact, an army…

drifting, drogued at ~50m

0.5 km sampling to 200m at 4 knots

hourly profiles to 150m
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One Story: Site 3 
Restratification

• 60m mixed layer 
• Restratification over the week-

long measurement period 
• Little net motion and slow 

dispersion 
• Prominent inertial motions 
• Oscillation in Chi (temperature 

variance dissipation rate) 
mixing measurement; plus 

downward propagation in time 
• Additional higher-mode internal 

waves 
• Mixing is reduced after 

restratification



Site 3: Solar Heating

• Radiometer measurements 
show diurnal heating cycle 

• Mixed-layer depth responds to 
solar heating, but temperature 

is quite different 

• Some of mixed-layer changes 
are due to vertical advection 

(internal waves)

Vertical Temperature Gradient

Integrated Solar Heating

Solar Heat Flux

Observed Temperature and Mixed-layer Depth
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Restratification: Dominated by the Vertical 
Gradient in Penetrative Radiation (1-D balance)
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stratification change expected from radiation measurements 

(using 2 viable absorption models)



Up
pe

r 5
0m

 Q
ua

nt
iti

es

Vertical Shear

Lateral Density Gradient

Vertical Density Gradient

E-W

N-S

V U

Total

Ship Windspeed

Wind Direction

Wind Relative to Front

All Present: Solar and Wind-driven 
Variability, Diurnal and Inertial Cycles, 

and Low Frequency Changes

East Velocity (EM-APEX)



18:0000:0006:0012:0018:0000:0006:0012:0018:0000:0006:0012:0018:0000:0006:0012:0018:0000:00
Array 1

-2

-1

0

1

2

cm

0-100m Dynamic Height from EM-APEX

03/14 03/15 03/16 03/17 03/18 03/19 03/20 03/21 03/22
Array 2

-2

0

2

4

6

8

cm

03/24 03/25 03/26 03/27 03/28 03/29 03/30 03/31
Array 3

-1

-0.5

0

0.5

1

cm

What about SSH on these 
scales (1–10 km)? 

Can look at Dynamic 
Height (1/density) 

variability in the upper 
100m

1

2

3





SMILE Cruise Report 13

-139.7 -139.65 -139.6
Lon

35.1

35.15

35.2

La
t

85-85.1667

-139.7 -139.65 -139.6
Lon

35.1

35.15

35.2

La
t

85.1667-85.3333

-139.7 -139.65 -139.6
Lon

35.1

35.15

35.2

La
t

85.3333-85.5

-139.7 -139.65 -139.6
Lon

35.1

35.15

35.2

La
t

85.5-85.6667

-139.7 -139.65 -139.6
Lon

35.1

35.15

35.2

La
t

85.6667-85.8333

Sigma Theta at 15m Depth, YDay 85

-139.7 -139.65 -139.6
Lon

35.1

35.15

35.2

La
t

85.8333-86

25.135

25.14

25.145

25.15

25.155

25.16

25.165

25.17

25.175

25.18

Figure 13: As for Fig. 11 but for March 27, during Array #3.

(Mar 27, 2017)
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Upper 100m only 
captures 15–20% of the 
first-mode displacement 

and cannot separate 
modes 1 and 2. 

But low mode spatial 
scales should be larger 
(>100 km for mode 1). 

Sampling a bit deeper 
would help (e.g., 500m 

every 3 hours).

Relationship of upper layer to low modes

Vertical (velocity or 
isopycnal displacement)

Horizontal (velocity or 
pressure)

baroclinic mode structure in Northeast Pacific
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Conclusions
An intensive upper-ocean experiment with Lagrangian (up to 23 
EM-APEX floats at a time) and shipboard measurements (200m 
profiles at 500m spacing) was carried out in the North Pacific 
Subtropical Front in March 2017 
Three sites, with distinct stratification and mesoscale environments 
Mixed layers were unusually shallow and storms were unusually 
scarce 
Restratification observed at the third site is a combination of solar 
heating and relaxation of wind mixing. 
Potential signals at other sites include: 

Small mesoscale eddy structure 
Subthermocline cross-frontal exchange and filamentation 
Influence of strain on internal waves
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Four postdoctoral researcher opportunities to participate in analysis and interpretation of several data 
sets are available with the Applied Physics Laboratory at the University of Washington in Seattle. At 
least two years of funding is available for each of these positions. 
  

Horizontal restratification of the surface mixed layer. Data were collected at 3 sites in the North Pacific Subtropical 
Front during March 2017 using O(1 km) arrays of chi-augmented EM-APEX profiling floats collecting repeated profiles 
of temperature, salinity, horizontal velocity and temperature microstructure, larger-scale repeated shipboard tow-yo 
and ADCP surveys and an air–sea flux buoy. Each site was sampled continuously for roughly one week. Results of this 
project aim to improve modeling of air–sea fluxes in coupled climate models.  
Scientists include James Girton (girton@apl.uw.edu) and John Mickett (mickett@uw.edu).

Storm-forced inertial waves and turbulent mixing in forcing regions in the western North Pacific. Measurements were 
taken with EM-APEX floats during the 2016 and 2017 fall and winter storm seasons. These measurements are aimed at 
quantifying the dissipation of near-inertial waves at the near-field.  
A participating scientist is Ren-Chieh Lien (lien@apl.uw.edu). 

Instabilities, internal waves, mixing and entrainment at the base of the mixed layer near Ocean Station P in the 
Northeast Pacific. Two neutrally buoyant Lagrangian floats will be placed within the entrainment zone and measure 
shear and stratification on scales of cm’s to many 10’s of meters during the fall 2018 entrainment season. Results 
will be compared with LES model results with the aim of understanding the processes of entrainment. There will 
be opportunities for seagoing work. Scientists include Eric D’Asaro (dasaro@apl.uw.edu), Andrey Shcherbina 

(ashcherbina@apl.uw.edu) and Ramsey Harcourt (harcourt@apl.uw.edu).  See https://tinyurl.com/TLpostdoc

The horizontal wavenumber spectrum of water-mass tracers on isopycnals. Submesoscale shipboard CTD chain 
and ADCP surveys to determine controlling dynamics will be conducted during July 2018.  These measurements will 
also be used to test a recent spectral model for anisotropic stratified turbulence.  
A participating scientist is Ren-Chieh Lien (lien@apl.uw.edu). 

Interested qualified candidates are encouraged to contact any of the relevant scientists with 
questions, CVs, published and submitted articles, and references.
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used to develop a parameterization. First, the initially
vertical isopycnals slump from the vertical to the hori-
zontal without spreading much (i.e., M2 decreases only
10% to 20% while N2 increases by orders of magni-
tude). Second, the inverse cascade proceeds to ever in-
creasing scales in the horizontal, but it is arrested by the
ML depth in the vertical. The typical vertical excursion
scale is a fixed proportion of the ML depth across dif-
ferent simulations (Fig. 6).

Third, the MLEs release PE by fluxing buoyancy
along a surface at a shallower slope than the mean iso-
pycnal surface (i.e., the flux direction is more horizontal
than the isopycnals), a characteristic of linear and non-
linear baroclinic instability (Fig. 7). The ratio of the
slopes is fixed near two, the value yielding the maxi-
mum extraction of PE (Eady 1949; Haine and Marshall
1998).

Fourth, the rms eddy velocities in the middle of the
front saturate at a value that scales with the initial mean
geostrophic shear (Fig. 5). These four elements consti-
tute the basic ingredients of the parameterization.

3. Theory for the parameterization

A parameterization of ML restratification is to be
derived based on the phenomenology of MLEs. A sche-
matic of the slumping process of a ML front is shown in
Fig. 8. The vertical eddy buoyancy fluxes are every-
where positive, and the horizontal cross-channel eddy

fluxes are everywhere down the mean horizontal gra-
dient. The fluxes are along a shallower slope than the
mean isopycnal slope to slump the front and reduce the
mean PE.

The ML restratification problem shares many aspects
with the mesoscale restratification considered by GM
and Gent et al. (1995). First, restratification proceeds
through baroclinic instabilities and releases mean PE.
Second, isopycnal slumping is largely adiabatic and can
be represented through advection by an eddy-driven
overturning streamfunction. Third, momentum fluxes
are weak compared to Coriolis forces; hence only buoy-
ancy fluxes need to be parameterized. Despite these

FIG. 8. Schematic of the ML restratification. Thin contours de-
note along-channel mean isopycnals. Straight arrows denote di-
rection of the eddy buoyancy fluxes, and circular contours/arrows
indicate eddy-induced streamfunction contours and direction. The
decorrelation lengths of the eddies !y and !z are indicated. The
reader is reminded that after Rossby adjustment the isopycnals
are already flattened to slopes O[10 m (km)"1] despite their near-
vertical appearance in this figure.

FIG. 6. Typical vertical excursion scale, # $ %b&2/N2, scaled by
ML depth, H, for initially balanced simulations where the initial
ML depth was 200 m (solid), balanced simulations where the ML
depth was 50 m (dashed), and unbalanced simulations where the
initial ML depth was 200 m (dotted). Other parameters vary as
well: Lf /Ls varies by a factor of 4 and initial N is 0 or 4f. The value
of #/H shown is the maximum in z, horizontally averaged over the
front center.

FIG. 7. Ratio of the horizontal to vertical eddy fluxes scaled by
isopycnal slope for the same simulations as in Fig. 6. The z level
shown is the ML midpoint, and all quantities are averaged over
the center of the front.
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[18] Fox‐Kemper et al. [2008] show that the strength of
the eddy‐driven overturning stream function associated with
MLE scales as ye ∼ 0.06 H2 by/f. The mean overturning
stream function  is largely wind driven and follows the
classical Ekman scaling  ∼ −t0/rf. For down‐front winds,
 and ye have opposite signs, implying opposing over-
turning circulations. We introduce the ratio r ≡ ∣ /ye∣ =
t0/(0.06rH2by) to determine the dominance of destratification
by down‐front winds versus the restratification by MLE. For
H = 200 m and by = −0.9 × 10−7 s−2, typical values for deep
ML fronts at midlatitudes, the ratio r = 1 is achieved when
t0 ≈ 0.2 N m−2. In what follows, we show that this scaling
estimate is roughly consistent with our model results. The
growth of MLE is curtailed and restratification is restricted
when r ≥ 1 (t0 ≥ 0.2 N m−2 in this case), whereas the MLE
and meandering front spread through the domain and gen-
erate a stable restratification throughout the region when r <
1. Whereas r is a scaling estimate based on initial condi-
tions, the flux of buoyancy due to the wind‐ and eddy‐
driven circulation can vary in time as the front evolves and
meanders. A more dynamic estimate that takes into account
the ratio of wind‐driven and eddy‐driven buoyancy fluxes is
rflux ≡ hht0byii/hh0.06rH2by

2ii, where hh ii denotes areal
averaging over the surface, by is evaluated at the surface,
and t0 is the wind stress in the x direction. When the front
meanders, the wind‐driven buoyancy flux depends on the
alignment of the wind with the frontal axis.

[19] Before discussing the competition between MLE and
winds, let us consider a simulation of a baroclinically
unstable ML front in the absence of any wind forcing. The
model domain is initialized with an east‐west straight front
over a 200 m deep ML, as described in section 2. The front
develops submesoscale meanders and eddies that grow on a
time scale of days to form larger eddies that fill the domain
as the flow evolves (Figure 1a). Baroclinic instability and
the ensuing MLE act to slump the density front and increase
the stratification. From a potential vorticity (PV) perspec-
tive, the restratification results from advection of high PV
(highly stratified) waters from the pycnocline into the ML,
as described by Boccaletti et al. [2007] (see Figure 2a).
Surface frontogenesis brought about by MLE also con-
tributes to the development of stratification near the surface.
But interestingly, the largest concentration of stratification is
acquired at middepth in the ML. In this simulation without
wind, the average N2 in the 200 m deep ML increases from
10−6 s−2 to 10−5 s−2 and spreads through the 200 km hori-
zontal domain in 40 days. The stratification generated is a
factor of 10 larger than expected from geostrophic adjust-
ment of the front, namely, N2 ∼ (by)

2/f2 [Tandon and
Garrett, 1995].
[20] Addition of a down‐front wind stress results in

advection of dense water over light and the destruction of
stratification at the surface. Whether this results in an arrest
of restratification by MLE depends on the strength of the

Figure 1. Time sequence of the surface density showing the evolution of MLE in the cases of (a) no
wind and (b) t0 = 0.2 N m−2, where the wind blows from left to right. With the sustained down‐front
wind stress t0 = 0.2 N m−2, the growth of MLE is curtailed and restratification of the ML is prevented,
as seen in the vertical sections of Figure 2.
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Motivation: Restratification of a lateral density gradient 
in the oceanic mixed layer

(Mixed-layer Eddies Parameterization)

• Restratification as an adjustment of 
lateral density gradients through 

baroclinic instability 

• Parameterized as an overturning 
streamfunction scaling with the lateral 

density gradient and mixed-layer 
depth 

• Aimed at implementation in climate 
models (i.e., long runs at low resolution)



Site 3: Solar Heating

• Radiometer measurements 
show diurnal heating cycle 

• Mixed-layer depth responds 
to solar heating, but 
temperature is quite 

different 
• Some of mixed-layer changes 

are due to vertical advection 
(internal waves)

Vertical Temperature Gradient

Integrated Solar Heating

Solar Heat Flux

Observed Temperature and Mixed-layer Depth


