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Helical motions, known as Langmuir circulation, are a key physical process in the upper 
ocean but have not yet been incorporated into ocean models. Here, surface mixed layer 
deepening by Langmuir circulation was added to that due to convection or velocity 
shear; Langmuir circulation is more important than shear if the velocity difference 
across the mixed-layer base is less than about 1 percent of the wind speed. In an upper 
ocean data set, evidence was found for the deepening of the mixed layer by both 
mechanisms. Thus, Langmuir circulation influences upper ocean diurnal and seasonal 
changes in stratification. 

I t  has been over 50 vears since Langmuir 
described wind-induce2 vortices in thYe sur- 
face waters of oceans and lakes, known as 
Langmuir circulation (1).  In  this, the  coun- 
terrotatint. vortices are aligned with the 
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w ~ n d  and have surface convergence zones 
that are often marked by narrow bands of 
foam and flotsam. After a serles of n e e -  - 
nious experiments, Langmuir co l l c l~~ded  
that this ohenomenon constitutes the  es- 
sential mechanism generating the  surface 
mixed laver. This laver is the  link between 
the  atmdspllere and the  deep ocean and 
directly affects the  air-sea fluxes of momen- 
tum, heat,  and gases (2).  It is also of great 
importance for biological productivity and 
marine pollution (3). 

Despite Langmuir's pioneering work, 
the  role of Langmuir circulation in  form- 
ing the  mixed layer and in distributing 
heat  and rnoment~um within it has not  yet 
been determined (4 ) .  Most models of the  
mixed layer are one-dimensional. I n  so- 
called "bulk" models (5,  6 ) ,  changes in  
the  depth  and average velocity and densi- 
ty of the  mixed layer are specified in terins 
of the  surface buovancv flux and some 
coinbinatioll of the' wilid stress and the  
difference of the  velocitv and densitv be- 
tween the  layer and the  water below it. 
These bulk models, as well as models that  
treat turbulence in  Inore detail ( i ) ,  suffer 
from nc~ t  explicitly incorporatlllg the  key 
physlcal processes, such as Langmuir cir- 
culation, that  are responsible for mixed 
layer deepening, and it is not  a t  all clear 
that  their parameterization implicitly 
models these orocesses correctlv. Even af- 
ter careful caiibration of empirical coeffi- 
cients, t he  mixed laver models often over- 
predict the  sea-surface temperature in  the  
summer and underpredlct it in the  fall (a ) ,  
although these discrepa~lcies may also 
arise from errors in  surface fluxes or from 
advectlon of water wlth a different tem- 
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perature. Here,  we attempt to  establish the  
role of Langmuir circulation in  the  deep- 
ening of the  mixed layer, using observa- 
tions to examine a new buoyancy jump 
criterion derived from a ll~lmerical model 
(9 ) .  

Wind-driven shear current and surface 
waves are currently accepted as necessary 
mechanisms for the generation of Langmuir 
circulation (1 0). T h e  mean particle (Stokes) 
drift of surface waves tilts the  vertical 
vortex lines of a near-surface downwind 
jet to  produce streainwise vorticity with 
surface convergence a t  the  iet max~inum;  

u 

t he  jet is then reinforced by continued 
acceleration, by the  wind stress, of the  
converging surface flow. 

Using the  Craik-Leibovich model, Li 
and Garrett examined the  interaction he- 
tween Langlnuir circulation and preexisting 
stratification 19). T h e  wind stress is esti- 

\ ,  

mated from the  wind speed li,, through a 
drag coefficient with the water friction ve- 
locity u -- 1.3 x 10- li,, . T h e  Stokes drift 
current u, = 2S, exp (2Pz) is assumed to 
decrease exponentially with depth 2, as for a 
monochromatic wave of wave number B: 

8 ,  

for fully developed seas, the surface drift 
velocity 2S, .= O.@l5C,, and the  Stokes 
drift current e-folding depth 1/(2P) == 

0.12Cfv/g, where g is the  gravitational ac- 
celeration (1 1) .  Effects of turbulence are 
parameterized by constant eddy viscosity v 
and eddy diffusivity K. 

Numerical modeling shows that counter- 
rotating Langmuir cells are generated and 
may erode the  stratified fluid through en- 
gulfment and mixing. Langmuir circulation 
generates vertical velocities in the  fluid, 1 ~ 1 t  
vertical oenetration is inhibited bv stratifi- 
cation. T h e  cells stop penetrating into the  
stratified water if the  Froude number 

reaches a critical value of 0.9 (9) .  Here, wdn 
is the  maximum downwelling velocity gen- 
erated by Langlnuir cells in homogeneous 

water, h is the  depth of the mixed layer, and 
h b  is the buoyancy jump at  the base of the 
layer. Using model results for wL,,,/ub, this 
means that Langmuir circulation will deep- 
e n  the  mixed layer until 

Ab = CU'/;L (2 )  

where c = 0.72Sc/(vp); values for v were 
adjusted to match vertical velocities be- 
tween the model results and observations 
(9-12). W e  estimate that c - 50 for fully 
developed seas, although it may be signifi- 
cantly smaller in developing seas (1 1) .  Equa- 
tion 2 is similar to that of an  entrainment 
model based o n  u ( 1 3), but our formula is 
based o n  process modeling of Langinuir cir- 
culation (which was not present in the  lab- 
oratory experiments), and the coefficient c 
gives an  explicit dependence o n  the sea state 
and turbulence parameterization. 

Enhanced shear instability may occur in  
a horizontally confined region beneath 
downwelling jets to cause further deepening 
(9 ) ,  but further work is required to  learn 
how this should be parameterized. For the  
moment,  we assume that it is implicitly 
included in the bulk Richardson number 
(Rb) criterion used in the  Price, Weller, 
and Pinkel (PWP)  moiiel (6) .  This criterion 
states that further deepening will not occur 
if 

Ab 2 0.65/AulZ/h (3) 

where Au is the  velocity difference across 
the base of the  mixed layer. Comparison of 
Ecls 2 and 3 suggests that engulfment by 
Langmuir circulation dominates the  deep- 
ening if 

IAu 5 9u = 0.01Ly,,, ( 4 )  

that is, if the  velocity difference across the 
base of the  mixed layer is no  greater than 
about 1% of the  wind speed, and less in 
developing seas. 

T h e  P W P  model call be modified to 
allow for the  mixed layer to deepen if 

Ab 5 1nax(50u~/h, 0.651Au12/h) ( 5 )  

Instead, we directly examined this buoy- 
ancy jump criterion using measurements of 
the  ocean mixed layer. W e  used the  data 
fro111 the  Long-Term Upper Ocean  Study 
( L O T U S )  (14) .  T h e  2-year-long experi- 
ment-from May 1982 to May 1984-had 
four periods within which simultaneous 
temperature and current profile data were 
available for periods 'of 68, 50, 8, and 11 
days. T h e  first period was chosen for our 
analysls as it had the  best vertical resolu- 
t ion. T h e  data,  obtained from a buoy lo- 
cated a t  34ON and 70°W, 300 km from t h e  
mean path of the  Gulf Stream in the  
Sargasso Sea, consisted of readings of tem- 
perature and ocean currents (eastward and 
northward) a t  depths of 5 ,  10, 15, 20, 25, 
35, 50, 65, 75, and 100 m,  available a t  
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Fig. 1. Four separate mixed layer deepening events. (A) 
and (6) show deepening events dominated by Langmuir 
circulation, whereas (C) and (D) show deepening events 
mainly driven by shear instability. There are five panels 
vertically. (1) Isotherms constructed from conductivity-tem- 
perature-depth (CTD) measurements are shown as yellow - 

5 .  contour lines for a 2-day period. The red line shows the p ,0 
depth of the surface mixed layer, whereas the blue line n 
shows the depth of the base of the transition layer. Mixed 
layer depths shallower than 5 m cannot be resolved by the 
data and are drawn as red dashed lines at 5 m. They are I I 

-- lT .  ---- ~ - 

excluded from the calculations of the flow indices. (2) Time 
series of the normalized stability indicators LC, (blue) and g 3  I 1 
Rb, (purple). When values of LC, are greater than 1, mixed a 
layer deepening as a result of Langmuir circulation should 

I I 

occur, whereas when values of Rb, are greater than 1, 2 1 I I 
deepening due to shear instability should occur. (3) Time 0 -  I 1 
series of the wind speed. (4) Successive vertical profiles of , -1 7 temperature during a deepening event. Short horizontal n : 1 
lines mark the depth of the mixed layer (upper line) and the 
base of the transition layer (lower line). Mixed layers shal- % lower than 5 m and transition layers with bases lying out- 2 1 1 
side the figure are not marked. (5) Corresponding indices 0  

3  
LC, (x) and Rb, (0). The color sequence used in the last 

4 
Time (days) . , 

two panels is yellow, green, light blue, red, and blue, rep- 
resenting profiles and indices at half-hour intervals. 

0  

15-min intervals starting in mid-May 1982. 
Simultaneous data were obtained for wind 
velocities, atmospheric pressure, air temper- 
ature, and sea-surface temperature at 0.6 m 
(15). These data were interpolated onto an 
equally spaced grid with 3-m spacing and 
filtered and resampled in time to have a new 
cutoff frequency of 1 cycle per hour. Salinity 
was a small contributor (< 1%) to the buoy- 
ancy difference Ab and was neglected. 

We compared the changes in heat con- 
tent of the upper 50 m of ocean with those 
implied by the local surface heat flux. 
Despite uncertainty in estimating the lat- 
ter as a result of unreliable humidity mea- 
surements (used in the latent heat flux 
formula), we were able to identify periods 
when changes in the heat content were 
incompatible with estimates made from 
the local heat flux, presumably because of 
horizontal advection or large internal 
waves. We avoided these periods in our 
subsequent analysis as they cannot be used 
to test one-dimensional models without 
auxiliary data. 

From each temperature profile, we esti- 
mated the depth h of the mixed layer as well 

0. 
38*- 39 
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as the depth h,, of the base of the transition 
layer. The depth h is defined to be the 
depth above which the temperature varia- 
tion is within two-hundredths of a degree 
but at which the temperature shows a sharp 
jump. The temperature gradient is large 
within the transition layer but is less below 
h,, (16). Once values for h and h,, were 
determined, we calculated the temperature 
jump (AT) between these two depths. The 
velocity jump Au is defined as the vector 
difference between the averaged velocity 
vector in the mixed layer and the velocity 
at h,,. We obtained the wind stress vector, 
and hence u*, from the wind measurements 
using Smith's tables ( 17). 

We examined the normalized quantities 
of the bulk Richardson number (Rb,) and 
the Langmuir circulation index (LC,) 

Rb, = 0.651A~1~/(hAb) 

and 

LC, = 50ui/(hAb) 

where Ab = gaAT and a is the coefficient 
of thermal expansion. The PWP criterion 
and the proposed one representing Lang- 

muir circulation suggest that deepening 
should occur if either Rb, or LC, exceeds 1. 
We examined the possibility that deepen- 
ing is dominated by convection by checking 
changes in the heat content of the mixed 
layer. 

The events illustrated in Fig. 1, A and 
B, are indicative of mixed layer deepening 
caused by Langmuir circulation. During 
the event shown in Fig. lA,  the wind was 
approximately constant at 5 m s-' and the 
mixed layer remained shallow before 0300 
hours (local time). Surface cooline caused - 
the mixed layer to deepen from 6 to 9 m 
between 0300 and 0400 hours. It also 
greatly reduced the buoyancy jump at the 
mixed layer base (compare the yellow and 
blue lines in Fig. lA, panel 4). This pre- 
cipitated a rapid penetrative deepening 
(compare the blue and red lines in Fig. 
lA,  panel 4), although the heat content 
within the mixed layer was approximately 
conserved during this period. The Lang- 
muir circulation index LC, stayed close to 
1, though decreasing slightly as the layer 
deepened. The second event, shown in 
Fig. lB, occurred in the afternoon when 
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solar heating warmed the water. The in- 
dex LC, was initially larger than Rb, and 
above the critical value of 1, suggesting 
that the mixed layer was unstable to Lang- 
muir circulation deepening, possibly be- 
cause of a time lag in the response of the 
wave field to increasing wind. (Before 
this, the mixed layer depth was less than 5 
m and thus not resolvable.) Mixed layer 
deepening, and a reduction in LC,, then 
occurred. 

Deepening events shown in Fig. 1, C and 
D, involved Rb,. In Fig. lC,  in the early 
morning, Rb, relaxed from a supercritical 
value as the mixed layer deepened. In the 
event shown in Fig. ID, surface cooling 
initiallv reduced the temnerature in a shal- 
low surface layer (compare the yellow and 
green lines in Fig. ID, panel 4). The buoy- 
ancy jump Ab was thus reduced, causing 
both indices Rb, and LC, to be greater than 
1. Subsequently, the mixed layer rapidly 
deepened. Langmuir circulation and shear 
instabilitv mav both have contributed to , , 
the deepening. 

Our proposed criterion for the deepen- 
ing of the mixed layer by Langmuir circu- 

lation will clearly dominate only occasion- 
ally but may nonetheless be important to 
include in models of the surface mixed 
layer and will generally produce a deeper 
layer than models without the criterion. In 
particular, running a model over a diurnal 
cycle shows how Langmuir circulation 
may delay daytime restratification of a 
mixed layer that is deep because of night- 
time convection. Increasing insolation 
will heat the water near the surface and 
could lead to a thin new surface mixed 
layer if only the shear criterion is used: if 
Rb, > 1, an increase in h conserves hAb, 
but momentum conservation would de- 
crease lAul, thus decreasing Rb, and allow- 
ing the new mixed layer to stabilize. How- 
ever, an increase in h while hAb is con- 
served does not change the parameter 
LC,, so that a shallower mixed layer can- 
not form unless the wind drops, and Lang- 
muir circulation stops, for a time sufficient 
for insolation to provide a near-surface 
buoyancy content hAb of more than 5 0 ~ 2 ,  
where u, is the friction velocity when the 
wind resumes. The shallow mixed layer 
should form in 15 hours for typical values 

of wind speed (u, = 0.01 m s-') and 
surface buoyancy flux (B = m2 s - ~ ) .  
Langmuir circulation may thus inhibit the 
diurnal restratification, although the re- 
quired time can be much shorter if the 
wind speed is less, the buoyancy flux great- 
er, and the sea state not fully developed. 
Over a seasonal cycle, the same argument 
suggests that in early spring Langmuir cir- 
culation may delay the formation of the 
seasonal thermocline in a deep winter 
mixed layer, unless the wind stress de- 
creases significantly for a sufficient time. 
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