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The ocean mixed layer (depth)

Mixed layer: 
the well-mixed, homogeneous near-
surface layer of the ocean.

Mixed-layer depth:
controls the impact of air-sea fluxes 
(heat, momentum, material) on the 
ocean – and hence on feedbacks to 
the atmosphere

Sprintall & Cronin 2009
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The mixed layer is critical for air-sea interaction
particularly in the tropics, where warm SSTs drive atmospheric 
convection so small SST anomalies matter

Mixed-layer depth (MLD) affects SST, and hence 
convection:
• surface heat flux (Qo) is mixed over the MLD (h) 
• solar radiation that penetrates through the base 

of the ML does not warm SST

Incorrect representation of MLD can lead to biases in 
model SST and hence in heat fluxes, convection, etc.

(Here we focus on convection, but MLD also matters 
for energy budgets, biogeochemistry, gas flux…)
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Drivers of mixed-layer depth (MLD) variability I: Surface forcing 
dominate at diurnal, seasonal, interannual timescales;
well predicted by 1-d ocean models

Stabilizing drivers (shoal the ML):
• Solar heating
• River runoff
• Rain

Destabilizing drivers (deepen the ML)
• Surface cooling (sensible & latent 

heat flux)
• Wind mixing

Sprintall & Cronin 2009



Planetary waves 

Drivers of MLD variability II: Ocean dynamics (3-dimensional)
Important on multiple time/space scales

• Frontal advection / tilting / subduction
• Ekman pumping
• Internal / planetary waves
• Small-scale processes, e.g.
• Submesoscale (1-10km) fronts → instabilities → restratification
• Langmuir circulation (strong vertical velocities)

Cronin & McPhaden 2002 Girishkumar et al. 2011



Salinity stratification can cause a shallower mixed layer
– and a “barrier layer” beneath the ML
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Temperature
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depth: “MLD” based 
on temperature

Density

~10-40 m 
thick



The presence of a barrier layer affects air-sea interaction

Barrier layer: temperature inversions possible
– warm water below the ML can later be released to the atmosphere

Mixed layer deepening doesn’t cause entrainment cooling
Deeper ocean isolated from the atmosphere
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Mahadevan et al. 2016: ASIRI data
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Key questions

How much does MLD variability affect SST and atmospheric 
convection?

What time & space (horizontal and vertical) scales need to be 
resolved in observations and models to capture relevant MLD 
variations?

Where/when is MLD variability 1-dimensional? When are 3-d 
ocean dynamics important?



Short timescales: 
diurnal warming and/or rain cause stable near-surface layers 
These are thin (1-10m), mixed away within ~hours
Their importance has not been well quantified
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hTC. In this case, the shallowest stable layer was the thermocline and hS = hTC. These thresholds and
methodology were manually tested until the algorithm yielded physically consistent results across all
42 days of analysis. After these rules were applied, hS, hB, and hTC were smoothed with a running 50-min
filter with 1-1-2-1-1 weighting.

The quantitiesN2
S andN

2
T were determined by vertically averaging theN2

S andN
2
T fields between 0 and 5m and

then smoothing the resulting time series with a running 30-min filter with 1-2-1 weighting. RLs and DWLs

were defined to begin whenN2
S andN

2
T > 1.5 × 10!5 s!2, respectively, and hS ≤ 5 m. Not all DWLs or RLs were

associated with the creation of a new stable layer or with hS shoaling because near-surface stratification with
respect to the other state variable (S or T) could have already existed. RL and DWL events were determined to

end when N2
S and N2

T < 1 × 10!7 s!2, respectively, or when hS > 5 m, whichever event occurred first. To be
classified, RL and DWL events were required to last at least three consecutive observations (spanning 30 total
minutes) and be at least 1 hr apart from stable layers of the same type. Therefore, a RL could form in close
succession to a DWL, but, in order to be classified as an individual event, the RL must be at least 1 hr away
from the next or previously identified RL.

BowN2
T profiles extended to the surface, whereas sternN2

S profiles began at 2–3 m. The bowN2
T profiles did not

suggest that cold, fresh layers were deposited by rain shallower than 2 m. In other words, the N2
T data do not

suggest that RLs were missing from N2
S profiles, although it is possible the T profiles did not capture all stra-

tification events. Even if RLs began earlier or shallower than suggested by the S measurements from 2 to 3 m,

Figure 2. The 22 October 2011 case study of a DWL, a RL, and a RL-DWL combination (colored bars on top of (d–f)): (a) net
heat flux, QNet, modeled solar heat flux for clear-sky conditions, QSolar, wind stress, τ, and triangles color-coded by U10;
(b) rain rate observed locally at the research ship (R) and the max value observed either locally or within the upstream radar
sector, RMAX, and the area, A, of the radar sector that was filled by rain echoes; (c) S at 2- and 3-m depth from
Chameleon profiler; (d)N2

S; (e)N
2
T; (f)N

2
SþT. Solid and dashed lines in Figures 2d–2f indicate the depth of the stable layer top,

hS, and the depth of the stable layer base, hB. DWL = diurnal warm layer; RL = rain layer.
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Rectification of the diurnal cycle onto longer timescales
Diurnal variability improves MJO representation

Cumulative impacts of diurnal 
warm layers (DWLs) amplify the 
MJO SST anomalies

Models including a diurnal cycle:
• Larger, better diurnal heat fluxes
• Better diurnal convection
• Better MJO forecast skill

Similarly, models with diurnal 
coupling better simulate ENSO

variations (Table 4), in comparison to CF6 and CF24.
The greater range of diurnal variation in the upper-
ocean temperature and SST thus helps the sea surface
reach a higher daytime temperature in CF1.

e. Impact on MJO deep convection and precipitation

How is the SST condition related to the MJO2 deep
convection? Figure 7 shows the time–longitude dia-
grams of the observed and simulated daily-mean pre-
cipitation anomalies averaged between 108S and 108N.
Figure 8 compares the time series of the daily-mean total
precipitation amount averaged over the NSA region.
During the suppressed phase, the observed precipitation
amount was small (Fig. 7a and black line in Fig. 8) but
increases to the maximum on 24 November followed by
the secondary peak on 27 November. The period after
29 November marks another suppressed phase before

the so-called MJO3 (Moum et al. 2014). The simulated
precipitation from both the coupled and uncoupled
models shows the eastward-propagating precipitation
that qualitatively resembles the observations.
The maximum precipitation amount in the coupled

runs is found on 25–26 November (Fig. 8b). If the initi-
ation of the simulated MJO is defined as the timing of
the peak convection [see Straub (2013) for a definition of
the MJO initiation], then the initiation is not noticeably
different among the coupled runs (i.e., CF1–CF24).
However the intensity of convection shows noticeable
proportionality to the preconvection dSST; that is, the
average precipitation amount gets smaller as the cou-
pling becomes less frequent. Figure 8b confirms this by
showing that CF1 (red) on average has the largest
amount of precipitation (1.72mmh21; Table 5), com-
pared to CF3 (1.63mmh21), CF6 (1.51mmh21), and

FIG. 6. (left) Time–depth diagrams of the upper-ocean temperature anomalies (shading, 8C) averaged over the
NSA region (0.78S–78N, 738–80.58E) from (a) CF1, (b) CF6, and (c) CF24, overlaid with the respective depth of
turbulent boundary layer (TBL; m, gray contours). Both the hourly- and daily-mean TBL values are shown in
(a) and (b). Blue and red lines denote the anomalous 10-m zonal wind (m s21) and the downward shortwave
radiation at the surface (Wm22), respectively. The anomalies are with respect to the 30-daymean. (right) Themean
upper-ocean temperature profiles for (d) CF1, (e) CF6, and (f) CF24 are overlaid with 61 intradiurnal standard
deviation (STD) for the suppressed phase of MJO2 (14–21 Nov 2011).
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Barrier layer at the edge of the western Pacific warm pool:
Intraseasonal to interannual variations matter for ENSO

BL inhibits entrainment 
cooling, traps heat & 
momentum, responds 
quickly to westerly wind 
bursts

Thick BL associated with 
El Niño onset (Maes et al  
2002)

After Brown et al 2015
from Billy Kessler

Correctly modeling the 
location/thickness of the barrier 
layer is critical for getting coupled 
air-sea processes right



Current state of MLD measurements in the observing system

Argo floats: great vertical resolution to capture MLD
• Time/space sampling: good for >seasonal timescales
• inadequate temporal sampling on faster/smaller timescales (intraseasonal, 

diurnal, episodic, submesoscale)
Moorings: good time resolution 
(but large horizontal scales only)

Prawler moorings: high 
resolution, lower cost, 
higher risk

Tropical Mooring Array 
barely captures MLD 
(poor vertical resolution)

Highly instrumented 
flux moorings (e.g., 
ASIRI, SPURS-2) 
capture MLD well 
but are $$$ (good 
for process studies)



Some ways forward
Improving observations
• Capture diurnal, intraseasonal, S2S MLD variability in key regions

Improving understanding of where/when/why MLD variability 
matters
• E.g. with model sensitivity studies, observational process studies
• Emerging: importance of the submesoscale; 3-d ocean dynamics; 

episodic/small-scale features
• Will allow us to focus future efforts, and where existing MLDs are 

adequate
Improving observing technology
• Profilers on autonomous vehicles (Wave gliders or Saildrones with 

winches?)
• Exploiting acoustics to capture MLD

Improving parameterizations of MLD & representation of MLD in 
data assimilating models
• Small/fast scales still tricky


